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6ABBREVIATIONS
AER Apical ectodermal ridge
BMP Bone morphogenetic protein
cDNA Complementary deoxyribonucleic acid
Dhh Desert hedgehog
Dl Downless (TNF receptor)
DNA Deoxyribonucleic acid
E Embryonic day
EDA TNF ligand ectodysplasin
EDAR TNF receptor for ectodysplasin
EEC Ectrodactyly-ectodermal dysplasia-clefting syndrome
EGF Epidermal growth factor
FGF Fibroblast growth factor
HED Hypohidrotic ectodermal dysplasia
Hh Hedgehog
Ihh Indian Hedgehog
IκB Inhibitor of NF-κB
IKK IκB kinase
IRS Inner root sheath
JNK Jun N-terminal kinase
LEF Lymphoid enhancer factor
mRNA Messanger ribonucleic acid
Msx Muscle segment homeobox gene (homeobox-transcription factor)
NF-κB Nuclear factor κB
LMS Limb-mammary syndrome
MSX Vertebrate homologue of Drosophila muscle segment (Msh) gene
OMIM Online Mendelian Inheritance in Man
ORS Outer root sheath
P Post natal day
p21 21 kD cyclin dependent kinase interacting protein, wild-type p53 activating factor 1 (cyclin
              dependent kinase inhibitor)
p53 53 kD DNA- binding tumor suppressor protein
Pax Paired- like homeobox (homeobox-transcription factor)
PDGF Platelet-derived growth factor
Pitx2 Pituitary homeobox 2 (homeobox transcription factor)
Ptc Patched (twelve transmembrane repressor subunit in Hh-receptor complex)
RANK Receptor activator of NF-κB
RANKL RANK ligand
RHS Rapp-Hodgin syndrome
RNA Ribonucleic acid
SHFM Split-hand/split-foot malformation
Shh Sonic hedgehog (signaling molecule)
Smo Smoothened (seven transmembrane signaling subunit in Hh-receptor complex)
Ta Tabby (TNF)
TCF T-cell specific transcription factor
TGFβ Transforming growth factor β (peptide growth factor)
TNF Tumor necrosis factor
TNFR Tumor necrosis factor receptor
Tunel Terminal deoxynucleotidyl transferase mediated nick end labeling
Wnt Wnt-family member (signaling molecule)
ZPA Zone of polarizing activity
Genes are stated in italics, and proteins in non-italics. Mouse genes/proteins are in lower case letters and
human in upper case letters unless otherwise stated.
7ABSTRACT
For many animals, a well-functioning dentition is essential for survival. Aberrations in number,
shape and size of teeth are common findings among various animals including humans. Although
dental anomalies do not usually threaten human lives, they are challenging problems in clinical
dentistry. Hypodontia, the lack of one or several teeth, is most common in third molars, of which
25% are missing. Premolar and incisor hypodontia affects maxillary lateral incisors and second
premolars. Oligodontia refers to the lack of several, usually more than six teeth and is usually
associated with other congenital defects such as ectodermal dysplasias. Ectodermal dysplasias
comprise a heterogenous group of hereditary disorders, which involve primarily structures of
ectodermal origin including teeth, hair and sweat glands. In most severe forms of ectodermal
dysplasia, patients have complete anodontia (all teeth are missing). This thesis has addressed the
roles of three genes, Eda, Edar and p63 in ectodermal organ development and the molecular
pathogenesis of ectodermal dysplasia syndromes.
All ectodermal organs develop through interactions of the epithelium and the mesenchyme. The
first morphological sign of ectodermal organ development is a thickening of epithelium. Subsequent
stages of organ formation include epithelial budding, folding, growing and branching until the size
and shape of the organ is final. The same conserved signaling pathways, which are used
reiteratively in morphogenesis, regulate the development of all organs in all animals. The most
studied signals fall into FGF, Wnt, Hh, Tgfβ and Notch families.
Eda and Edar are the first members of the TNF and TNFR superfamilies, which have been
associated with the morphogenesis of ectodermal organs. The Eda and Edar expression patterns
were studied in developing murine teeth and hair. Both Eda and Edar were confined to the
epithelium suggesting that they mediate signaling within the epithelial cell layer between epithelial
compartments rather than across epithelial-mesenchymal tissue layers. In vitro analysis indicated
that Eda is regulated by Wnt signaling whereas Edar is stimulated by a mesenchymal signal,
activinA suggesting that TNF signaling is controlled by epithelial-mesenchymal interactions.
The downstream responses of Edar were analyzed in cell culture experiments and developing
murine teeth. In cell cultures, Edar activated NF-κB, which is a mediator of TNFR signaling. The
effect of Edar on NF-κB response was enhanced by coexpression of Edar with Eda-A1 isoform. The
ability of Edar to activate NF-κB is likely to be crucial for the function of Edar since mutant forms
of Edar associated with ectodermal dysplasia syndromes were impaired in NF-κB response.
Although Edar harbors a cytoplasmic sequence similar to death domains, its overexpression failed
to induce programmed cell death in any of the cell lines analyzed. In addition, apoptosis and p21
expression were observed in wt and Eda-/- enamel knots. Taken together, these results and the
phenotypes of mutant mice and human patients indicate that the function of Edar signaling is either
to promote cell survival rather than apotosis.
The role of transcription factor p63, a gene behind a subset of human malformation syndromes, was
explored by studying its expression pattern, its association with other signaling pathways and the
developmental phenotype of p63 null embryos. The transcripts of the truncated isoform of p63 were
confined to the oral and surface epithelial cells during embryogenesis. The analysis of potential
downstream genes of p63 signaling revealed that several genes in different pathways were
downregulated in p63 mutant embryos. In vitro analysis showed that BMP2 and -7 as well as
FGF10 induced p63 expression in dental epithelium. These results indicate that p63 is a significant
component of the signaling networks regulating epithelial morphogenesis.
In conclusion, work in this thesis includes the analysis of the expression patterns and regulation of
Eda, Edar and p63 in developing epidermis and its appendages, tooth and hair follicle. The studies
on mutant tissues have further elucidated the roles of these three genes during ectodermal
organogenesis and in the molecular pathogenesis of ectodermal dysplasia syndromes.
8REVIEW OF THE LITERATURE
Regulation of embryonic development
The development of multicellular organism begins with a single cell - the fertilized egg, which
divides mitotically to produce all the cells of the body (Gilbert 2000; Wolpert 2002). Embryonic
development requires an intricate control of growth, differentiation of cells, and morphogenesis of
tissues and organs: everything must take place at the right times and right places. Growth results
from cell division (mitosis) during which the DNA is duplicated and cells have the same genes.
Differentiation results from the expression of different sets of genes in different types of cells.
Throughout embryogenesis reciprocal interactions between cells and tissues regulate development
of the whole embryo as well as individual organs. Although the final outcome of invertebrates (e.g.
Drosophila melanogaster) and vertebrates (e.g. Homo sapiens) looks quite different, there is a
striking conservation in the signaling molecules, which regulate the development of different
organisms. Many of the same genes that turn on in the embryo to regulate the movement of cells
destined to become the face also control the cells fated to become brain, skin, parts of the heart, the
gut and distant extremities like fingers and toes. Thus the cells of the eyes may have the same
genetic information as the cells in the teeth but they use the genetic information differently to
produce a different organ.
Embryonic induction and associated signals
During embryonic induction cells signal to each other and direct cells to new pathways thus
controlling the advancement of development (Gilbert 2000; Wolpert 2002). Inductive interactions
have been divided to two types: permissive and instructive. Permissive interactions result in the
realization of the prospective fate of already determined tissues through the tissue interactions. In
instructive interactions the cells are induced to a cell fate that they would not otherwise have taken,
thus the inducing cell is necessary for the determination of the responding cell (Grobstein 1955;
Wessels 1977). However, it is not always clear to which category interactions belong.
Taking embryonic induction into its constructive components, there are at least two components to
every inductive interaction. The first component is the inducer, the tissue that produces a signal (or
signals), which changes the cellular behavior of the other tissue. The second component, the tissue
being induced, is the responder. Not all tissues can respond to the signal being produced by the
inducer. The ability to respond to a specific inductive signal is called competence. Furthermore,
inductive interactions are reciprocal and sequential so that the same signals are used reiteratively
between tissue layers and the induced tissue can, in turn, instruct the behavior of another tissue.
Signals between the inducer and the responder are mediated by several cell bound factors such as
juxtacrine and paracrine. Events are called juxtacrine when cell membrane proteins on one cell
surface interact with receptor proteins on adjacent cell surfaces. Within paracrine interaction,
proteins synthesized by one cell can diffuse over small distances to induce changes in neighboring
cells. In addition, some growth factors are thought to act as morphogens, which can diffuse over
several cell layers, form concentration gradients and thus, specify cell fates.
Epithelial-mesenchymal tissue interactions
Most organs are composed of epithelial and mesenchymal tissues and hence, epithelial-
mesenchymal interactions are among the most important phenomena during development and
regulate a variety of cellular functions including proliferation, differentiation, and cell death
(Chuong 1998). Within epithelial-mesenchymal interactions either epithelium or mesenchyme may
play a dominant role in organogenesis, depending on the organ system and the developmental stage.
At the molecular level, these interactions are mediated by signaling molecules, which are shared to
a great extent between different organs as discussed.
Families of signal molecules
Most of the signaling molecules that act during development are transmitted between cells, bind to
receptors on the cell membrane and exert their effects through intracellular signaling pathways,
9which lead to the regulation of gene expression in the nucleus. The most important molecules
mediating interactions between cells and tissues are members of the fibroblast growth factor (FGF),
Hedgehog (Hh), Notch, transforming growth factorβ (TGFβ) and Wnt families. The same conserved
proteins are used during the development of all organs including epithelial appendages throughout
the animal kingdom (Millar 2002; Thesleff and Mikkola 2002; Pispa and Thesleff 2003).
FGFs and their receptors
At present, the FGF family in mammals is composed of 22 members that signal through
transmembrane tyrosine kinase receptors encoded by four genes (FgfR1-FgfR4), although the
complexity of signaling is increased by the alternative spliced forms of the ligands and the receptors
(Ornitz 2000; Ornitz and Itoh 2001). The proteins encoded by the Fgf genes contain a conserved
core sequence that has the ability to bind to heparin or heparan sulphate proteoglycans (HSPG)
including syndecan and perlecan (Zhu et al. 1991; Faham et al. 1996). FGF complexes with HSPG
and can, thus, induce homo- or heterodimerization of FGFR, which mediates intracellular signal
transduction (Givol and Yayon 1992; Faham et al. 1996).
Roles of FGFs in embryonic development
FGFs are highly conserved signaling molecules found in invertebrates and vertebrates. FGFs have
important functions both in the embryo and in the adult such as induction of cell proliferation,
differentiation, adhesion, migration and survival and they often signal across epithelial-
mesenchymal boundaries (Yamaguchi and Rossant 1995; Hogan 1999; Szebenyi and Fallon 1999).
Fgfs are expressed in several embryonic tissues including lungs, limbs, pituitary and various
epithelial appendages. During early development, FGFs are needed for gastrulation and neurulation
in Xenopus and mouse (Amaya et al. 1991; Niswander and Martin 1992). Several FGFs induce
ectopic limb buds and can replace AER during limb development (Martin 1998; Yonei-Tamura et
al. 1999). In lung, the FGF family member, FGF10 has the potential to induce bud formation
and thus stimulates branching morphogenesis (Bellusci et al. 1997). Several lines of
transgenic mice have been generated in which FGF signaling is deficient. The knockouts of Fgf4
and Fgf8 are early embryonic lethal (Feldman et al. 1995; Meyers et al. 1998), Fgf10-/- mice die at
birth due to defective lung development (Min et al. 1998; Sekine et al. 1999). The Fgfr2b isoform
was knocked out in transgenic mice with the consequence that most organs developing via
epithelial-mesenchymal interactions failed to develop (De Moerlooze et al. 2000). In humans,
mutations causing the premature activation of FGFRs give rise to severe syndromes such as
achondrodysplasia and craniosynostosis (Bellus et al. 1995; Wilkie 1997).
Fgfs in developing tooth and hair follicle
The expression domains of several Fgfs and Fgfrs have been elucidated in developing tooth (Gene
expression in tooth. 2001; Thesleff and Mikkola 2002). Based on their expression patterns, Fgfs fall
into two distinct categories: those, which are expressed in the epithelium and others, which are
observed mainly in the mesenchyme. Fgf3, -7 and –10 mRNAs localize in overlapping patterns in
the early dental mesenchyme whereas Fgf8 and -9 are expressed in the oral epithelium before any
morphological sign of tooth formation, and in the presumptive dental epithelium during the
initiation and early bud stages (Kettunen and Thesleff 1998; Kettunen et al. 2000). Fgf4, -9 and 20
are expressed reiteratively in the epithelial signaling centers (Jernvall et al., 1994; Kettunen et al.,
1998; Åberg et al. unpublished observations). Of the Fgf receptors, only Fgfr1 and Fgfr2 were
expressed in early dental mesenchyme and epithelium indicating that the early morphogenetic
functions of FGFs are mediated by these two receptors (Kettunen et al. 1998).
Conditional inactivation of Fgf8 in branchial arch epithelium results in arrested tooth development.
The analysis of putative target genes of FGF signaling revealed that Pax9, which itself is essential
for tooth development to proceed beyond bud stage, is missing in Fgf8 mutants (Trumpp et al.
1999). Fgf10 null embryos have smaller than normal tooth germs, and interestingly the cervical
loops of the incisors are hypoplastic and contain no stellate reticulum cells (Harada et al. 2002).
Tooth development is arrested at the bud stage in transgenic mouse embryos lacking a functional
Fgfr2b isoform (De Moerlooze et al. 2000) or in mice overexpressing a soluble-negative form of
Fgfr2b (Celli et al. 1998).
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Bead implantation assays have contributed to the knowledge of FGF signaling pathway during tooth
development. Jernvall and coworkers showed that FGF4 stimulates proliferation both in the
epithelium and in the mesenchyme and may regulate the growth of tooth cusps (Jernvall et al.,
1994). Locally applied FGF1, -2, -4, -8 and –9 stimulate the expression of Msx1 in the dental
mesenchyme (Kettunen and Thesleff 1998; Bei and Maas, 1998). The expression of heparan sulfate
proteoglycan syndecan-1 is regulated by epithelial signals and by FGFs (Vainio et al. 1991).
FGF family members are expressed at several stages of hair follicle development and postnatal hair
cycling and influence the growth and differentiation of follicular cells (Chuong 1998; McElwee and
Hoffmann 2000; Millar 2002). Loss of function mutations of Fgfr2b and its ligand Fgf10 cause
epidermal hypoplasia although the phenotype is much more severe in Fgfr2b-/- mouse embryos
(Suzuki et al. 2000; Petiot et al. 2003). In addition, Fgfr2b null mutants have less hair follicles than
wild type littermates. Administration of exogenous FGF induce ectopic feather follicles in chick
embryos and can at least partly rescue feather formation and localized expression of Delta1 in
scaleless chick as well as hair growth in nude mouse (Widelitz et al. 1996; Viallet et al. 1998).
Overall, the functional studies point that FGFs function as morphogens that specify cell fate.
Hh gene family
Hh genes have been identified in several invertebrate species including Drosophila and sea urchin
(Nusslein-Volhard and Wieschaus 1980; Chang et al. 1994). In vertebrates, Hh family comprises
Desert hedgehog (Dhh), Indian hedgehog (Ihh) and Sonic hedgehog (Shh) (Echelard et al. 1993;
Krauss et al. 1993; Riddle et al. 1993). Dhh resembles most Drosophila Hh, whereas Shh and Ihh
are more related to one another. Hh ligand signal transduction is mediated by binding of the ligand
to the transmembrane receptor, Ptc. Upon binding of the ligand, the inhibitory effect of Ptc on
another transmembrane protein, Smoothened (Smo), is relieved and Smo is free to regulate the
intracellular signaling pathway through the transcription factor Cupitus interruptus (Ci)/Gli (Ingham
1998). The activated form of Ci/Gli translocates to the nucleus where it regulates expression of Hh
target genes. In vertebrates, Hh-interacting protein (Hip) is a putative negative modulator of Hh
signals (Chuang and McMahon 1999).
Hh in embryonic development
Members of the Hh gene family play fundamental roles in embryonic development
(Hammerschmidt et al. 1997; Ingham and McMahon 2001). In Drosophila embryos, the single Hh
gene regulates several diverse aspects of embryonic patterning such as the establishment of segment
polarity as well as the patterning of imaginal discs. In vertebrates, members of the Hh gene family
are involved in cell fate specification, cell survival and cell proliferation in different developmental
processes such as limb morphogenesis, hair follicle development, regulation of left-right
asymmetry, cranial neural crest survival and motor neuron induction (Ingham and McMahon 2001).
Apart from the gut, which expresses both Shh and Ihh, there is no overlap in the various Hh
expression domains (Bitgood and McMahon 1995). Dhh is expressed in Schwann cells and Sertoli
cells of the testis and mice homozygous for a null allele of dhh exhibit defective spermatogenesis
(Bitgood and McMahon 1995; Bitgood et al. 1996; Clark et al. 2000). Ihh is expressed in gut and in
cartilage and is important for postnatal bone growth (Bitgood and McMahon 1995; Bitgood et al.
1996).
Shh is most widely used of vertebrate Hhs and is responsible for the patterning of the neural tube
and somites, mediates the formation of the left-right axis in chick, initiates the anterior-posterior
axis in limbs and induces the regionally specific differentiation of the digestive tube (McMahon
2000). Shh is expressed in three key organizing centers in the vertebrate embryo: the notochord, the
floor plate and the zone of polarizing activity (ZPA) in limb. These structures are the sources of
signals that pattern neighboring tissues. Shh- deficient mice have numerous developmental
abnormalities including craniofacial defects and defects in the neural tube and limbs (Chiang et al.
1996). Several human syndromes such as holoprosencephaly are caused by mutations in genes
involved in Hh signaling pathway (Ming et al. 1998).
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Hh in tooth and hair follicle development
Of the Hh ligands, only Shh is expressed during tooth development: in the branchial arch epithelium
prior to epithelial invagination, in the enamel knot signaling centers indicating a role in the
patterning of the tooth cusps and in the stratum intermedium cells indicating a regulatory role in the
secretion of enamel matrix by ameloblasts. Ptc2 mRNA localizes to the epithelium whereas Ptc,
Smo, Gli1, -2 and –3 and Hip transcripts are confined to the mesenchyme (Bitgood and McMahon
1995; Iseki et al. 1996; Hardcastle et al. 1998; Gritli-Linde et al. 2001; Thesleff and Mikkola 2002).
Shh null mutant mice are early embryonic lethal and die before the onset of tooth formation (Chiang
et al. 1996). The use of a conditional allele to remove Shh activity in the dental epithelium results in
a cap stage tooth, which size is reduced, but which expresses enamel knot markers and forms
disorganized enamel and dentin layers suggesting that Shh regulates growth and determines the
shape of the organ but is not essential for the differentiation of ameloblasts or odontoblasts (Dassule
et al. 2000). Gli2-/- mouse embryos show abnormal development of maxillary incisors and in
Gli2/Gli3 double homozygotes tooth morphogenesis is arrested at the initiation stage (Hardcastle et
al. 1998). By using Cre-loxP system to remove Smo activity from dental epithelium, Shh signaling
was blocked in the epithelium resulting in altered proliferation, growth, differentiation and
polarization of dental epithelial derivatives (Gritli-Linde et al. 2002). Blocking of Shh signaling at
E10.5 or E12.5 in murine mandibular processes showed that Shh has a dual role in early
odontogenesis first by stimulating epithelial cell proliferation and second by increasing epithelial
cell survival (Cobourne et al. 2001).
The role of Shh during hair follicle formation has been studied in some detail. Shh is expressed in
the epithelial placode whereas its receptor Ptc1 is mainly confined to the underlying mesenchyme
(Chiang et al., 1999). Analysis of Shh null embryos reveals that Shh is not essential for the initiation
of hair follicle development, but is required for subsequent stages of folliculogenesis regulating
proliferation and downgrowth of epithelium and formation of dermal papilla (StJacques et al. 1998;
Chiang et al. 1999; Karlsson et al. 1999). In Shh-/- mouse embryos, Wnt5a expression is missing in
the dermal condensates of hair placodes indicating that Wnt5a is a target of Shh signaling (Reddy et
al. 2001). Overall, Shh is not essential for induction and differentiation of epithelial appendages, but
is involved in cell proliferation, branching morphogenesis, mesenchymal condensation, fate
determination and polarizing activities (Chuong et al. 2000).
Notch receptors and their ligands
Notch receptors and their partially redundant ligands Delta and Jagged are integral membrane
proteins, which transmit signals between cells in direct contact (Rebay et al. 1991). Upon binding of
a ligand, Notch is cleaved by a furin-like protease (Blaumueller et al. 1997). The active intracellular
Notch fragment enters the nucleus where it regulates gene transcription by modifying or interacting
with the suppressor of hairless (SuH) DNA-binding protein (Fortini and Artavanis-Tsakonas 1994).
Several proteins that interact or participate in transmitting or regulating Notch signals have been
identified. At the extracellular level, Fringe potentiates the activation of Notch by Delta while it
prevents the activation of Notch by Jagged (Irvine and Vogt 1997; Fleming et al. 1997). Numb
proteins associate with the intracellular domain of Notch and prevent Notch activity (Guo et al.
1996). A potent negative regulator of Notch is hairless which interacts with Su(H) antagonizing its
activity (Fortini and Artavanis-Tsakonas 1994). Furthermore, activation of Notch in a given cell
regulates production of Notch ligands by that cell. (Artavanis-Tsakonas et al. 1999; Lewis 1998;
Bray 1998).
Roles of Notch pathway in embryonic development
Notch signaling pathway control cell fate choices in insects, nematodes and mammals (Gridley
1997; Barrantes et al. 1999). Notch family has been implicated in a variety of developmental
processes including somite formation, border definition, anterior and posterior identification,
neurogenesis, angiogenesis and lymphoid development.
Notch in tooth and hair follicle development
Notch receptors and their ligands are expressed during several steps of embryonic tooth
development within the epithelium and also in the mesenchyme (Mitsiadis et al. 1995; Mustonen et
12
al. 2002). Notch1, -2 and -3 transcripts are observed throughout the simple layered branchial arch
ectoderm. When the epithelium thickens, Notch expression is downregulated in the basal epithelial
cells including the dental epithelium. Of the three Fringe genes only Lunatic Fringe (L-Fng) shows
developmentally regulated expression in teeth (Mustonen et al. 2002). Interestingly L-Fng
expression forms a sharp boundary with the enamel knot which itself is devoid of Fringe expression
and it is possible that L-Fng plays a role in the formation of the enamel knot signaling centers in the
dental epithelium. However, tooth morphogenesis appeared unaffected in L-Fng mutant mice
(Mustonen et al. 2002).
Tissue recombination studies of the dental epithelium and mesenchyme have shown that epithelial-
mesenchymal signaling regulates several Notch pathway molecules. The downregulation of Notch
and Jagged1 (Jag1) in the basal epithelial cells occurs in cultured dental epithelium only when it is
placed in contact with mesenchyme and Jag1 expression is induced in the mesenchyme by FGF4
whereas Notch is induced by BMP (Mitsiadis et al. 1997). L-Fng and Hes1 are induced by FGF10
beads in isolated dental epithelium (Mustonen et al. 2002).
During the initiation of hair follicle morphogenesis, Notch1 is expressed in the epithelial placode
whereas Delta1 transcripts localize to the underlying mesenchyme. Later, Notch1 and its ligands
Jag1 and -2 are detected in the precursor cells of the cortex, cuticle and inner root sheath of hair
follicle (Kopan and Weintraub 1993; Powell et al. 1998; Favier et al. 2000). Ectopic expression of
Notch1 in transgenic mouse causes the failure of differentiation of the hair shaft suggesting that
Notch1 partakes in the control of keratinocyte cell fate (Lin et al. 2000). More over Delta1 induces
human keratinocytes to leave the stem cell compartment and initiate terminal differentiation
(Lowell et al. 2000).
TGFβ superfamily
TGFβ superfamily consists of more than 45 cytokines including TGFβs, activins, inhibins, BMPs
and Müllerian-inhibiting substance (Massague 1998). TGFβ homo- and heterodimers initiate
signaling by binding to two serine/threonine kinase receptors, type I and type II. First, TGFβ ligand
binds to the type II receptor, activates it and thus, triggers the phosphorylation and activation of the
type I receptor (Wrana et al. 1994). The activated receptor complex phosphorylates “pathway-
restricted” SMAD proteins, which then oligomerize with the “common mediator” SMAD4 and
translocate to the nucleus where they direct transcriptional activation or repression of target genes
(Heldin et al. 1997; Massague and Chen 2000; Miyazono 2000).
TGFβ signaling is negatively controlled at several levels (Van Bubnoff and Cho 2001; Balemans
and Van Hul 2002). Inhibitory SMADs block the intracellular response to TgfβR (Imamura et al.
1997; Hayashi et al. 1997). Pseudoreceptor Bambi interacts with BMP receptors and interferes with
their activation (Onichtchouk et al. 1999). At the extracellular level, numerous proteins including
chordin, Noggin and ectodin have been identified that bind TGFβ family ligands and prevent their
contacts with signaling receptors (Sasai et al. 1995; McMahon et al. 1998; Laurikkala et al. 2003).
Tgfβ/ BMP in development
Members of the TGFβ family are powerful regulators of a broad variety of cellular processes
including embryogenesis, morphogenesis and angiogenesis (Massague 2000). BMPs were originally
identified as molecules that can induce ectopic bone and cartilage formation (Wozney et al. 1988).
In Drosophila, decapentaplegic (Dpp) and other BMP ligands participate in oogenesis, the
development of imaginal discs and the regulation of dorsal-ventral identity in early embryos
(Raftery and Sutherland 1999). In vertebrates, analysis of homozygous mouse mutant phenotypes
reveals a requirement for BMPs in the formation of mesoderm and development of the eye, kidney,
limb, amnion, heart and testis (Dudley et al. 1995; Luo et al. 1995; Karsenty 1998).
BMPs in tooth and hair follicle development
The expression of several Bmps has been localized to the developing tooth at several stages (Åberg
et al. 1997; Thesleff and Mikkola 2002). Bmps were the first molecules identified in the
transmission of epithelial-mesenchymal interactions during tooth formation (Vainio et al. 1993).
Vainio and coworkers showed that BMP4 and -2 induce the expression of homeobox containing
transcription factor Msx1 in the early dental mesenchyme. Tooth development in Msx1-/- embryos
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is arrested at the bud stage and Bmp4 transcripts are missing in the mutant dental mesenchyme
indicating that Msx1 acts both upstream and downstream of BMP4 (Bei et al. 2000). When Msx1-
deficient tooth germs were exposed to BMP protein or when Bmp4 was ectopically expressed in
mouse embryos Msx1 mutant phenotype was partially rescued (Bei et al. 2000; Zhao et al. 2000).
Mesenchymal BMP4 has a role in the induction of enamel knot where it is needed for the
expression of p21 and Msx2 (Jernvall et al. 1998). BMP4 and FGF8 regulate differentially several
genes in developing dental epithelium and mesenchyme. For example BMP4 regulates the epithelial
expression of Dlx2, which mesenchymal expression is regulated by FGF8. FGF8 also inhibits Dlx2
transcripts in the epithelium. Thus, these molecules maintain the epithelial and mesenchymal
expression domains of Dlx2 in developing teeth (Thomas et al. 2000).
Immunohistochemistry and in situ hybridization have localized several TGFβs and Bmps to the
developing hair follicle (Chuong 1998; Millar 2002). TGFβ2 is expressed in the placode and
underlying dermal condensate (E15). Bmp7 hybridization signal is observed in the epithelial
placode whereas Bmp4 is restricted to the mesenchymal condensation beneath the placode. The
understanding of the roles of TGFβ family ligands and their receptors during embryonic
development has increased through analysis of mouse mutants. BMPRIA is essential for the
differentiation of progenitor cells of the inner root sheath (IRS) and the hair shaft and in the
upregulation of GATA3, which controls IRS differentiation (Kobielak et al. 2003). Overexpression
of Smad7 under K14 promoter in mouse causes delayed and aberrant hair follicle morphogenesis
and the protein levels of the receptors for TGFβ family ligands are significantly decreased in
affected tissues (He et al. 2002). Mice lacking Bmp inhibitor Noggin form reduced amount of hair
follicles (Botchkarev et al. 1999). Lef1 expression is downregulated in Noggin-/- embryos
indicating that BMPs are needed for Wnt signaling (Botchkarev et al. 1999). Conversely, ectopic
expression of Noggin promotes the formation enlarged and ectopic follicles (Botchkarev et al.
1999). In postnatal skin, an intricate modulation of Bmp4 by its antagonist Noggin is essential for
the initiation of new hair growth phase and induction of Shh mRNA in the hair follicle (Botchkarev
et al. 2001).
Activin
Activins, named after their identification as activators of follicle-stimulating hormone secretion,
have later been found to play multiple roles in paracrine and autocrine regulation also in
nonreproductive organs as well as during embryonic development (Ying et al. 1997). In developing
tooth, activinβA expression is confined to dental mesenchyme starting from the time of initiation,
and its inhibitor follistatin is mainly present in the epithelium (Heikinheimo et al. 1997; Ferguson et
al. 1998). In mice lacking activin βA, follistatin or type II activin receptor, the incisors are missing
(Matzuk et al. 1995a; Matzuk et al. 1995b; Matzuk et al. 1995c). In addition mandibular molars
arrest at the bud stage, but maxillary molars develop normally in activinβA null mice (Ferguson et
al. 1998).
During hair follicle development, follistatin is expressed in the hair matrix and outer root sheath as
well as interfollicular epidermis whereas activinβA mRNA is observed in dermal papilla cells
(Nakamura et al. 2003). Interactions between activin and its antagonist follistatin play important
roles in hair follicle development and cycling possibly by regulating the expression of Bmp2 and its
antagonist matrix GLA protein (Nakamura et al. 2003).
Wnt family
Wnt genes encode a large family of secreted cysteine-rich proteins, which signal through seven-pass
transmembrane proteins of the Frizzled family (Cadigan and Nusse 1997; Wodarz and Nusse 1998).
The diversity of the signal transduction pathways downstream of the Wnt signals is mediated at the
level of the receptors, which trigger at least three intracellular signaling cascades (Miller et al. 1999;
Niehrs 2001; Winklbauer et al. 2001). Activation of the first signal transduction (canonical)
pathway results in the activation of an intracellular protein, disheveled and subsequent stabilization
of β-catenin. β-catenin enters the nucleus, complexes with TCF/LEF transcription factors and
enhances the transcription of Wnt-target genes. In the absence of Wnt signals, a multiprotein
destruction complex consisting of GSK3, Axin, APC and β-TrCP/Slimb leads to the degradation of
β-catenin in proteasomes (Seidensticker and Behrens 2000). The second pathway, called planar cell
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polarity (PCP) pathway branches from the canonical pathway at the level of disheveled and
therefore functions independently of β-catenin. PCP signaling cascade regulates the activity of the
Jun N-terminal kinase (JNK) (Boutros et al. 1998). Activation of the third pathway stimulates an
increase in intracellular Ca2+ and subsequently activates protein kinase C (Sheldahl et al. 1999;
Miller et al. 1999).
Secreted Wnt inhibitors Frizzled-related proteins, dickkopf, cerberus and Wnt inhibitory factor-1
modulate Wnt function extracellularly (Wang et al. 1997; Piccolo et al. 1999; Hsieh et al. 1999;
Zorn 2001).
Wnts in development
Members of Wnt family are highly conserved developmental regulators, which play key roles in
intercellular signaling molecules during development (Cadigan and Nusse 1997; Wodarz and Nusse
1998; Huelsken and Birchmeier 2001). Wnt molecules have essential roles in cell proliferation,
migration, differentiation and in epithelial-mesenchymal interactions. Members of Wnt signaling
pathway are involved in diverse processes during embryonic development such as segment polarity
patterning, specification of midbrain cells, induction of AER in limbs and control of stem cell
specification in skin. Mutations of mouse Wnt genes cause variable phenotypes ranging from
defects in brain development to alterations in limb polarity.
Wnts in tooth and hair follicle development
Most of Wnt pathway genes are expressed in the developing dental epithelium with the exception of
Wnt5a which expression switches to the mesenchyme at the bud stage (Dassule and McMahon
1998; Sarkar and Sharpe 1999; Thesleff and Mikkola, 2003). Wnt pathway has an important role in
tooth development as shown by the analysis of Lef1-deficient mice. Tooth development is arrested
at the bud stage in Lef1-/- embryos and the analysis of putative downstream targets showed that
mutant epithelium lacks the expression of Fgf4, Shh and Bmp4, but not Wnt10a (van Genderen et al.
1994; Kratochwil et al. 1996). Fgf4 is a direct transcriptional target for LEF1 and beads soaked with
recombinant FGF4 protein are able to rescue Lef1-/- tooth germs. In addition, FGF4 induces Fgf3 in
Lef1 mutant dental mesenchyme and both epithelial and mesenchymal FGFs induce Shh in
epithelium (Kratochwil et al. 2002).
Ectopic expression of Wnt7a, which is normally expressed only in oral ectoderm, in dental
epithelium results in arrested tooth development and downregulation of Shh expression suggesting
the formation of ectodermal boundaries between Wnt7a expressing oral ectoderm and Shh
expressing dental ectoderm. Thus the intricate interplay between Wnt7a and Shh position the sites
of tooth formation (Sarkar et al. 2000). Wnt pathway has also positive effects on tooth formation.
Addition of an antagonist (Mfrzb1) of Wnts to developing murine dental explants results in retarded
development and the formation of smaller teeth (Sarkar and Sharpe 2000).
In humans, aberrations of Wnt signaling pathway cause cancer (Lustig and Behrens 2003).
Interestingly, a recent study identified mutations in Axin2, which regulates β-catenin degradation, in
human patients. These mutations cause severe oligodontia and predisposition of colorectal cancer
(Lammi et al. 2004).
Like in tooth, several Wnt pathway genes are expressed both in the epithelium and the mesenchyme
in embryonic skin and hair follicles (Millar 2002). For example Wnt10b is initially expressed
throughout the epidermis and is markedly upregulated in the hair placodes (Stjacques et al. 1998;
Reddy et al. 2001). β-catenin, a mediator of Wnt signaling is transiently expressed in the dermis
beneath the feather tract before any morphological sign of placode initiation. One day later, nuclear
β-catenin localizes to the epidermis indicating the activation of Wnt signaling (Noramly et al.
1999). The first “dermal signal” causing placode initiation has not been identified yet. The
hypothesis is that this signal is uniform rather than localized and based on its expression pattern β-
catenin is a good candidate. Interestingly, the dorsal neural tube sends a signal, which induces the
dermis underlying the first forming feather tract (Olivera-Martinez et al. 2001). This signal can be
substituted by Wnt1 suggesting that activation of Wnt pathway in the dermis is essential for the
formation of the feather field. Forced expression of β-catenin in chick or mouse produce ectopic
follicles in interfollicular regions indicating that activation of canonical Wnt signaling is sufficient
to initiate feather and hair development (Noramly et al. 1999; Gat et al. 1998). Conversely,
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conditionally mutated β-catenin in mouse epidermis results in a failure of placode formation
although Edar shows punctated expression pattern (Huelsken et al. 2001). Lef1-/- mouse embryos
do not form whiskers (Kratochwil et al. 1996) and lack two thirds of hair follicles (van Genderen et
al. 1994). Mice overexpressing Dickkopf1, an inhibitor of Wnt signaling pathway lack all hair
placodes suggesting that canonical Wnt signals are required for initiation of follicle development
(Andl et al. 2002).
Two models of ectodermal appendage development: tooth and hair
Epithelial appendages are derivatives of the surface ectoderm of the embryo. Epithelial appendages
either protrude out of the external (integument) and internal (oral cavity, gut) epithelia, or
invaginate into surrounding mesenchyme. Although they have specific structures and diverse
functions, most epithelial appendages share similar developmental stages and central regulatory
mechanisms: inductive tissue interactions between epithelial and mesenchymal tissues.
Organ development is divided into three partly overlapping phases: initiation, morphogenesis and
cell differentiation. The developing teeth, hairs and exocrine glands all have an epithelial
component derived from ectoderm and their early stages resemble each other considerably (Thesleff
1995; Chuong 1998; Pispa and Thesleff 2003). These organs start their development from an
epithelial thickening, which invaginates into the underlying mesenchyme and forms an epithelial
bud. Subsequent folding and growth of the epithelium and the mesenchyme contributes the final
shape of the organs.
Mammalian dentition
In rodents, the dentition lacks canines and premolars, and there is only one set of teeth, consisting of
one incisor separated from three molars by a toothless gap diastema in each jaw quadrant. The
diastema region between incisors and molars, where mice have no teeth humans develop canines
and premolars. In addition, while mice have only one set of teeth humans have two: deciduous
(milk teeth) and permanent. Permanent dentition is predominantly affected in human hypodontia
affecting up to 20% of the population (Thesleff and Pirinen 2004). Interestingly, mouse embryos
also develop transient rudimental dental primordia, which regress by epithelial apoptosis, between
the incisor and molar tooth germs (Peterkova et al. 2000).
Each tooth group forms from one epithelial thickening, the dental lamina and development starts
from the most anterior tooth and proceeds posteriorly. Teeth are derived from two primary germ
layers, ectoderm and mesoderm with a neural crest contribution. The enamel of teeth is derived
from oral ectoderm and neural crest tissue provides material for the dentin, pulp and cementum. The
periodontium is both neural crest and mesodermal origin. Each tooth germ consists of an enamel
organ and a dental papilla surrounded by a dental follicle or dental sac. Dental papilla (neural crest
origin) and dental follicle (mesodermal origin) are the anlagen of the dental pulp and part of the
periodontal apparatus.
Initiation, bud, cap and bell stages
The initiation of tooth development involves an interaction between epithelium of the first branchial
arch and the underlying neural-crest derived mesenchyme (Thesleff and Nieminen, 2001). The
earliest morphological sign of tooth development in the mouse occurs at E11 when the oral
epithelium locally thickens in the region of future incisors and molars (Fig. 1). This is followed by
budding of the dental epithelium and condensation of mesenchymal cells around the tooth bud
(E12-E13). At E14, the enamel organ invaginates to form a cap- shaped structure, which encloses
the dental mesenchyme and starts the formation of the first cusp. The central cells of the dental
epithelium form a cluster of transient cells, the enamel knot.
The enamel organ gives rise to four distinct structures: outer and inner enamel epithelium, the
stellate reticulum and the stratum intermedium. The outer enamel epithelium is thought to help to
maintain the shape of the developing tooth. The cervical loop lies at the growing margin where the
outer enamel epithelium is continuous with the inner enamel epithelium. The dental mesenchymal
cells form two cell lineages. Dental papilla cells are surrounded by the epithelium and give rise to
the dental pulp. Dental follicle cells surround the tooth epithelium and give rise to the periodontal
tissues anchoring the teeth to the alveolar bone.
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The final shape of the tooth crown is established during the bell stage when other cusps of the molar
teeth start to develop and transient secondary enamel knots are visible at the tips of the forming
cusps. The folding pattern of the inner enamel epithelium increases leading to changes in tooth
shape. The late bell stage is associated with the formation of dental hard tissues. Mesenchymal cells
lying adjacent to the inner enamel epithelium form pre-odontoblasts, which secrete pre-dentin. In
turn, pre-ameloblasts form in the epithelium and start the secretion of pre-enamel on top of pre-
dentin. In addition, cementoblasts, which differentiate from the dental follicle secrete cementum
into the root surface after the epithelial root sheath disrupts. Finally, the secreted matrices
mineralize, the roots start to develop, the supporting tissues of tooth differentiate and the tooth
erupts to the oral cavity.
Stem cell research is a “hot topic” nowadays. Both epithelial and mesenchymal stem cells have
been identified also in teeth. Mesenchymal stem cells, which formed dentin when transplanted to
muscle, have been found in the adult human dental pulp (Gronthos et al., 2000). Epithelial stem
cells have been localized to the cervical loop of the continuously growing mouse incisors (Harada et
al., 1999). Unfortunately, human teeth do not grow continuously and thus, they do not contain a
pool of epithelial stem cells. However, the characterization of differentiating epithelial cells in
mouse may result in the discovery of a subset of human cells that could take part in tooth
development.
Enamel knots
Organizing centers like isthmus and AER guide the patterning of several organs during
embryogenesis. The signaling centers in the tooth, the enamel knots are transient epithelial
structures, which function at three stages of morphogenesis. The earliest signaling centers appear in
the early budding epithelium at E12 (Keränen et al. 1998). These structures are fully developed at
the cap stage (E14) when they can be visualized in histological sections as tightly packed epithelial
cell aggregates. At this stage the development of the first cusp begins. The enamel knot cells do not
proliferate and they are removed by apoptosis (Jernvall et al. 1998).
The last set of signaling centers appears during the early bell stage (E16), when the secondary
enamel knots become visible at the tips of the developing cusps. Thus, enamel knots instruct the
patterning of tooth crowns by determining the location and height of tooth cusps (Jernvall et al.
2000). The enamel knot cells express in nested patterns several signal molecules belonging to the
Fgf, Hh, Bmp and Wnt families (Thesleff and Mikkola 2002).
Figure 1. Schematic representation of the morphology of tooth development. (A) The first
sign of tooth development is the local thickening of the oral epithelium at E11. (B) The early
signaling center is visible in the dental placode (E12). (C) The budding dental epithelium is
accompanied by condensation of neural crest derived mesenchyme. (D) The enamel knot
appears in the folding epithelium at the cap stage. (E) At the bell stage, morphogenesis of cusps
and cell differentiation proceed. Secondary enamel knots appear in the tips of the cusps.
Differentiation of the odontoblasts and ameloblasts and deposition of dentin and enamel start in
the tips of the cusps. (F) After root formation is completed, the tooth in fully erupted into the
oral cavity. The periodontal ligament is formed and roots are surrounded by alveolar bone. ab,
alveolar bone; cl, cervical loop; d, dentin; df, dental follicle; dl, dental lamina; dp, dental
papilla; e, enamel; ek, enamel knot; iee, inner enamel epithelium; oee, outer enamel
epithelium; p, pulp; sek, secondary enamel knot
Epithelial-mesenchymal interactions
Intercellular signaling has been shown to be essential during embryonic tooth development. The
signaling events take place reciprocally between epithelial and mesenchymal tissue components.
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Classical tissue recombination experiments showed that the epithelium of the first branchial arch
induces mesenchymal cells to participate in tooth development at E9-E11 in mouse (Mina and
Kollar 1987; Lumsden 1988). However, It is still unclear whether the oral epithelial cells are the
first cells possessing capacity for tooth formation or whether there is an earlier shift of odontogenic
potential from the neural crest-derived mesenchymal cells to the presumptive dental epithelium.
Mitsiadis and coworkers transplanted mouse pre-migratory neural crest cells into chick embryos
and showed that transplanted cells induced tooth-like structures in the normally toothless chick jaw
(Mitsiadis et al. 2003). Between E11 and E12, the potential to instruct tooth development shifts to
the neural-crest derived mesenchyme, which signals back to the epithelium and regulates its
morphogenesis.
Multiple signaling molecules are expressed in the developing tooth germ and interact with each
other to mediate the inductive tissue interactions. Bmp4, -2, Shh, Wnt10a and –10b are expressed in
the epithelium between E11 and E12 when tooth morphogenesis is first apparent. In the
mesenchyme, there are distinct targets for all three pathways: Ptc and Gli are targets for Shh, Lef1
for Wnt10b and Msx1 for Bmp4 and –2 (Dassule and McMahon 1998; Thesleff and Mikkola, 2002).
Mutations in many genes cause defects of tooth development in transgenic mouse embryos. Some
examples are listed in Table 1.
Table 1. Selected mouse models with a tooth phenotype
Hair follicle development and growth
Hair follicles vary considerably in size and shape, depending on their location, but they all have the
same basic structure. The process of hair follicle formation can be divided into four stages:
induction, initiation, elongation and differentiation. In mammalian skin, grafting studies between
hair forming and non-hair forming regions of the epidermis have revealed at least three
morphogenetic signals. First, the embryonic dermis instructs the overlying ectoderm to initiate the
formation of regularly spaced thickenings, known as placodes. In response to “the first dermal
message” a signal from the epithelial placode cause the condensation of dermal mesenchymal cells
beneath the epithelial placode. The condensate in turn sends a signal back to the epithelial cells to
stimulate their proliferation, downgrowth and reorganization to form a mature hair follicle (Fig. 2)
(Hardy 1992; Millar 2002.).
Mice have four different types of hairs in their pelage: tylotrichs (monotrichs or guard hairs), awls,
zigzags and auchenes. At E14, rudiments of first forming hair follicles, tylotrichs appear as local
thickenings of the epidermis. The initiation of the next forming follicles, awls is seen at E16 and the
last forming hair follicles, auchenes and zigzags at E18. However, the time of initiation of a
Gene Type of mutation Phenotype Reference
Msx1 Knockout Arrest at the bud stage. Bei and Maas 1998
Msx1/Msx2 Double knockout Arrest at the initiation stage. Bei and Maas 1998
ActivinβA Knockout Lack incisors and mandibular molars. Ferguson et al. 1998
Fgf8 Conditional knockout Only rudimentary incisors develop. Trumpp et al. 1999
Fgf10 Knockout Smaller tooth germs. The cervical loops of
the incisors are hypoplastic and lack stellate
reticulum.
Harada et al. 2002
Fgfr2b Knockout Arrest at the bud stage. DeMoerlooze et al.
2000
Gli2/Gli3 Double knockout Arrest prior to bud stage. Hardcastle et al. 1998
Lef1 Knockout
Overexpression
Arrest at the bud stage.
Ectopic invaginations in the oral epithelium.
Van Genderen, 1994
Zhou et al. 1995
Dickkopf Ectopic expression Tooth development arrested before the bud
stage.
Andl et al. 2002
Pax9 Null mutant Tooth development arrested at the bud
stage.
Peters et al. 1998
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particular type of a follicle is dependent on the area of the body being observed. For example, the
initiation of tylotrichs is first observed on the shoulders and extends to all directions.
Tylotrich hairs are long straight hair fibers. Awls are also straight fibers, but they are usually only
one half the length of the tylotrichs. Auchenes are short hair having a single bend and zigzags have
more than one bend. The underhairs of mouse consists of zigzags, and the overhairs are auchenes,
awls and tylotrichs (Mann 1962).
During postnatal development, each mature hair follicle shows cyclic activity with periods of
anagen (growth), catagen (regression) and telogen (rest). The dermal papilla has an essential role in
the regulation of successive cycles of postnatal hair growth. Pigmentation of hair results from the
activity of melanocytes, which deposit pigment granules to the hair shaft. The understanding of the
molecular mechanisms involved in hair follicle development and cycling has tremendously
increased through analysis of mouse mutants (Table 2).
Figure 2. A schematic presentation of distinct stages of murine hair follicle
development. (A) Stage 0, no follicles. (B) Stage 1, epidermal thickening and localized
increase of mesenchymal cells below the early hair germ. (C) Stage 2, enlarged hair germ.
Dermal fibroblasts form a cap- like condensation. (D) Stages 3-4, the hair peg thickens and
the inner root sheath (black) starts to form. Dermal papilla (dp) has formed. (E) Stage 5, inner
root sheath elongates, bulge becomes visible and dermal papilla is almost completely
enclosed. The first melanin granules appear. (F) Stages 6 and 7, inner root sheath contains
hair shaft, grows upwards and the tip of the hair shaft leaves the hair canal. (G) Stage 8, hair
follicle acquires its maximal length. Stem cells are located in the bulge.
Table 2. Selected mouse models with a hair phenotype
Gene Type of mutation Phenotype Reference
Bmp4 Overexpression under
cytokeratin IV promoter
Inhibition of cell proliferation in
 ORS and hair matrix cells
Blessing et al. 1993
ActivinβA Knockout Follicles fail to develop. Matzuk et al. 1995
TGFβ1 Overexpression Reduction in number of follicles. Selheyer et al. 1993
TGFβ2 Knock out Delay of hf morphogenesis, reduced
amount of follicles.
Foitzik et al. 1999
BMPRIA Conditional inactivation Failure of the differentiation of
progenitor cells of IRS and hair shaft
Kobielak at al. 2003
Follistatin Overexpression under MTI
Knockout
Defects in hair; shiny taut skin
Abnormalities in vibrissae
development
Guo et al. 1998
Matzuk et al. 1995
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Ectodermal dysplasias in humans
Ectodermal dysplasias are a heterogenous group of hereditary disorders displaying variable defects
in organs that develop from embryonic ectoderm. There are more than 150 clinically distinct
dysplasias (Pinheiro and Freire-Maia 1994; Priolo and Lagana 2001). These syndromes are
identified by the absence or defect in two or more of the cardinal signs: skin, hair, nails and teeth. In
addition, patients may have variable defects including cleft lip/palate, limb abnormalities,
immunological aberrations and mental retardation.
Recently, several gene defects causing ectodermal dysplasia syndromes have been characterized
(Table 3). One of the most recently cloned gene behind these syndromes is PVRL1 that encodes a
cell-cell adhesion molecule nectin-1. Mutations of PVRL1 gene are behind Cleft lip/palate,
ectodermal dysplasia syndrome (CLPED1; OMIM#225000) or Zlotogora-Ogur syndrome. These
patients have sparse eyebrows and eyelashes, sparse hair and hypodontia. In addition the patients
have cleft lip/palate, syndactyly of fingers and toes and onychodysplasia.
Hypohidrotic ectodermal dysplasia (HED)
In 1875, Charles Darwin described an unusual condition that appeared in a hinduu family’s male
members (Darwin 1875). The X-linked HED, also known as anhidrotic ectodermal dysplasia (EDA)
or Christ-Siemens-Touraine Syndrome (CST), is the most common syndrome among ectodermal
dysplasias. Since inherited as an X-linked recessive pattern the patients are generally male although
female carriers often show incomplete signs of symptoms. The autosomal variants of HED cannot
be phenotypically distinguished from the X-linked variant (Munoz et al. 1997). The classical triad
of EDA includes absent or reduced sweating (anhidrosis or hypohidrosis), missing or sparse hair
Noggin Knockout
Overexpression under Msx2
promoter
Retardation of hair follicle induction
Differentiation of hair shaft is
impaired
Botchkarev et al.
1999
Kulessa et al. 2000
Smad7 Overexpression under K14 Delayed and aberrant hair follicle
morphogenesis; hyperproliferation of
epidermis
He et al. 2002
Shh Conditional inactivation
Overexpression under HK1
promoter
Arrest of hair follicle development at
stages1-2
Absence of guard, awl and auchene
hair fibres
StJacques et al.
1998; Chiang et al.
1999
Ellis et al. 2003
PDGF-A Null mutation Thinner dermis, misshapen hair
follicles, smaller dermal papillae,
thinner hair
Karlsson et al. 1999
Fgf5 Knockout Prolonged anagen phase resulting
long hairs
Hebert et al. 1994
Fgf7 Overexpression Suppression of hair follicle
formation; increase in epidermal
thickness
Guo et al. 1993
Fgf10 Null mutant Epidermal hypoplasia Suzuki et al. 2000
Fgfr2b Null mutant Epidermal hypoplasia; less hair
follicles
Petiot et al. 2003
Egfr Knockout Curly hair and disorientation of
follicles.
Threadgill et al.
1995
p75NTR Knockout Acceleration of hf
morphogenesis, reduced proliferation
of dp fibroblasts
Botchkareva et al.
1999
GATA-3 Null mutant IRS progenitors fail to differentiate;
aberrant hair structure
Kaufman et al. 2003
β-catenin Activation in resting hair
follicles.
Activation of an aberrant growth
phase.
Van Mater et al.
2003
Dickkopf Ectopic expression Failure of placode formation. Andl et al. 2002
Notch1 Overexpression under mouse
HKA1 promoter
Abnormal differentiation of the
medulla and the cuticle.
Lin et al. 2000
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(atrichosis or hypotrichosis) and missing (anodontia or oligodontia) or misshapen teeth (Pinheiro
and Freire-Maia 1994).
The mouse counterpart of X-linked HED is called Tabby that is named for its unusual pattern of hair
markings. The mouse models for the autosomal forms of HED are downless and crinkled (Mouse
Genome Database (MGD)). These mice are afflicted with some of the same symptoms that appear
in humans including missing sweat glands, abnormally shaped and missing teeth and lack of
tylotrich hairs (Grüneberg 1971; Grüneberg, 1965; Vielkind and Hardy, 1996).
  Table 3. Mutated genes in human ectodermal dysplasia syndromes.
Tumor necrosis factors (TNFs) and their receptors
TNF superfamily consists of more than 15 members, most of which are important regulators of host
defense, immunity, and inflammation (Baker and Reddy 1998; Locksley et al. 2001). Signaling by
trimeric TNFs is mediated by a family of related receptors, TNFRs. TNFRs do not have intrinsic
enzymatic activity but they recruit two principal classes of cytoplasmic adapter proteins: TRAFs
(TNF-receptor associated factors) and ”death domain” (DD) molecules. Activation of TRAFs leads
to a cascade culminating in the activation of transcription factor NF-κB, c-Jun N-terminal kinase
(JNK), or p38 pathways (Inoue et al. 2000). Receptors capable of inducing apoptosis typically
harbor a death domain in their intracellular region. They recruit other death domain proteins which
eventually results in the activation of caspases and cell death (Baker and Reddy 1998; Locksley et
al. 2001).
The discovery of a novel TNF pathway, which has an important function during embryonic
development and in human hereditary disorders, started with the positional cloning of EDA gene
encoding a type II membrane protein (Kere et al. 1996). Based on the sequence of the human EDA
Gene Type of protein Ectodermal dysplasia    References
Eda TNF X-linked HED    Kere et al., 1996
   Bayes et al., 1998
Edar TNFR Autosomal recessive HED
Autosomal dominant HED
   Monreal et al., 1999
Edaradd DD containing
adaptor protein
Autosomalrecessive HED    Headon and Overbeek, 2001
IκBα Inhibitor of NFκB EDA-ID    Courtois et al., 2003
IKKγ Subunit of IKK Incontinentia pigmenti
OL-EDA-ID
HED-ID
   Smahi et al., 2000
   Döffinger et al., 2001
   Zonana et al., 2000
Plakophilin 1 Cytoplasmic
desmosomal
plaque protein
Ectodermal dysplasia/ skin
fragility syndrome
   McGrath et al., 1997
Pvrl1 Adherens junction
protein
ED4 (Margarita Island
Type)
   Suzuki et al., 2000
Connexin 30 Gap junction
component
Clouston syndrome    Lamartine et al., 2000
P63 Transcription
factor
EEC
LMS
SHFM
AEC
ADULT
RHS
   Celli et al., 1999
   Van Bokhoeven et al., 2001
   Ianakiev et al., 2000
   McGrath et al., 2001
   Amiel et al., 2001
   Kantaputra et al., 2003
Keratins 6A,6B
Keratins 16,17
Structural
filamentous
proteins
Pachyonychia congenita I,
II
   Bowden et al., 1995
   Mc Lean et al., 1995
   Smith et al., 1998
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gene, the murine Tabby gene was characterized (Ferguson et al. 1997; Srivastava et al. 1997).
Sequence alignment revealed that ectodysplasin (encoded by Tabby/EDA) belongs to the TNF
family (Mikkola et al. 1999). EDA is a unique member of the TNF superfamily because of the
presence of a collagen-like region preceding the TNF domain (Fig. 3) (Mikkola et al. 1999). In
addition, EDA contains a furin consensus cleavage site, which is required to produce a soluble
signaling molecule (Elomaa et al. 2001; Chen et al. 2001). Mutations in human patients are
clustered in TNF domain, collagen-like domain and furin protease recognition sequence suggesting
that these domains are essential for the biological activity of ectodysplasin (Bayés et al. 1998;
Monreal et al. 1998; Schneider 2001; Pääkkönen et al. 2001; Vincent et al. 2001). The two longest
EDA isoforms, EDA-A1 and EDA-A2, are the most common and possibly the only ones that
include a TNF ligand domain. Though differing by only two amino acids in the TNF domain, they
have distinct corresponding receptors: a death domain-containing TNF receptor EDAR and XEDAR
(Monreal et al. 1999; Yan et al. 2000).
The positional cloning of the Edar (dl) gene led to the discovery of a novel member of the TNFR
family (Headon and Overbeek 1999). Edar is a type I transmembrane protein which has an
extracellular domain consisting of one complete and two incomplete cysteine rich domains followed
by a single transmembrane region (Fig. 3). The C-terminal intracellular domain of Edar contains the
DD that binds to the DD of an intracellular adapter protein, Edaradd (Headon et al. 2001; Yan et al.
2002). Mutations of EDAR and EDARADD have been found in human patients having autosomal
forms of HED (Monreal et al. 1999; Headon et al. 2001).
TNFs in development
Ectodysplasin and its receptor Edar are the first TNF and TNFR that have been implicated in the
regulation of embryogenesis (Thesleff and Mikkola 2002; Mikkola and Thesleff 2003). The molar
teeth of Eda null mutant (Tabby) mice display a patterning defect in tooth cusps that appears to
result from defective function of the signaling centers at the enamel knots (Pispa et al. 1999).
Although the two longest isoforms of EDA bind to distinct receptors the findings that EDA1
isoform can rescue the Eda-/- mouse phenotype suggests a minor role for XEDAR in ectodermal
organogenesis. Conditionally expressed EDA-A1 as tetracycline- regulated transgenes in Eda-/-
mice restored hair and sweat gland development (Srivastava et al. 2001). More over, administration
of recombinant EDA1 engineered to cross the placental barrier to the pregnant mice permanently
rescues most features of the phenotype in the offspring (Gaide and Schneider 2003). In addition, tail
hair and sweat gland formation is also induced by EDA1 after birth whereas EDA2 has no
detectable effect at any stage analyzed (Gaide and Schneider 2003). Overexpression of
ectodysplasin under K14 promoter in mice results in the formation of ectopic ectodermal organs
such as teeth and mammary glands. These results indicate that Eda signalling can affect ectodermal
organ formation at a relatively early stage. Surprisingly, ameloblasts are absent in the incisors and
hence, enamel formation is disturbed in these transgenic mice (Mustonen et al. 2003). The tooth
enamel is also defective in K14-Edar mice (Pispa et al. unpublished observations). It is not yet clear
how amelogenesis is affected in K14-ectodysplasin and –Edar mice.
Eda and Edar are expressed in several tissues including nervous tissue, which are not affected in
HED patients nor Eda-/- mice, increasing the possibility that there are redundant TNF pathways
associated with the development of other tissues and organs (Montonen et al. 1998; Mikkola et al.
1999; Pispa et al. 2003). A third TNFR called TROY (also known as TNFRSF19 or TAJ) has been
implicated to play a role in ectodermal organogenesis (Hu et al. 1999; Eby et al. 2000; Kojima et al.
2000). So far, no ligand for TROY has been identified.
In addition, one family member, RANKL/osteoprotegrin ligand and its receptor RANK, are
essential for osteoclast survival and differentiation (Filvaroff and Derynck 1998) as well as for
terminal differentiation of mammary gland alveolar buds (Fata et al. 2000). In addition, downstream
component of TNF signaling, NF-κB has a central role in epidermal biology and in the growth and
differentiation of the outer ectoderm (Kaufman and Fuchs 2000).
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Fig. 3 Schematic representation of Ectodysplasin and Edar structures. Numbers refer to amino acids.
COOH, carboxyterminus; COL, collagen-like repeats; DD, death domain; F, furin cleavage site; NH2,
aminoterminus; SS, signal sequence; TM, transmembrane domain; TNF, tumor necrosis factor homology
domain.
EEC and related syndromes
Several dominant human syndromes have been mapped to chromosome 3q27 and ultimately the
gene encoding p63. These syndromes are characterized by ectodermal dysplasias, limb
abnormalities and a range of other malformations of mammary glands, facial skeleton and
urogenital system. The heterozygous P63 mutations are usually distinct for each of these syndromes
and are thought to act through both dominant-negative and gain of function mechanisms rather than
loss-of-function haploinsufficiency (van Bokhoven and McKeon 2002; Brunner et al. 2002)
Ectrodactyly-ectodermal dysplasia-clefting (EEC) syndrome
EEC syndrome has three cardinal features: ectrodactyly, also known as lobster-claw anomaly of the
hands and feet; ectodermal dysplasia affecting the skin, hair, nails and teeth; and cleft lip with or
without cleft palate. A number of associated symptoms are frequently found such as lacrimal duct
abnormalities, urogenital problems, conductive hearing loss and respiratory infections (Gorlin et al.
1990; Roelfsema and Cobben 1996). The clinical variability between the patients having the EEC
syndrome is high. So far, P63 is the major if not the only gene mutated in EEC syndrome (van
Bokhoven et al. 2001). Mutations can occur at several sites along P63 gene and generally, only
those affecting specific amino acids in the DNA binding domain will yield an EEC phenotype.
Ankyloblepharon-ectodermal dysplasia-clefting (AEC) syndrome
AEC syndrome, also known as Hay-Wells syndrome, is characterized by congenital ectodermal
dysplasia with sparse hair, dystrophic nails, scalp infections (dermatitis), hypodontia, maxillary
hypoplasia, ankyloblepharon- a partial or complete fusion of eyelids as well as cleft lip and/or cleft
palate (Gorlin et al. 1990). Limb involvement in AEC syndrome is minimal or absent. All but one
of the AEC syndrome patients have missense mutations in the SAM domain of P63, and thus, these
mutations are predicted to affect protein-protein interactions either by destroying the globular
structure of SAM domain or by substitution of amino acids that are crucial for protein-protein
interactions (McGrath et al. 2001; Brunner et al. 2002).
Rapp-Hodgkin syndrome (RHS)
RHS is characterized by anhidrotic ectodermal dysplasia, cleft lip and palate, deformed ears and ear
canals and genitourinary abnormalities (Gorlin et al. 1990). Thus far, three different mutations of
P63 have been identified in RHS patients namely a point mutation (amino acid substitution) in the
SAM domain (Kantaputra et al. 2003), one frameshift downstream to the SAM domain and one
missense mutation disrupting the dominant negative activity of ∆NP63 isoforms within the DNA
binding domain (Bougeard G et al. 2004).
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Acro-dermato-ungual-lacrimal-tooth (ADULT) syndrome
ADULT syndrome has features such as ectrodactyly, syndactyly, onychodysplasia- finger- and
toenail dysplasia, hypoplastic breasts and nipples, intense freckling, lacrimal duct atresia
(obstruction) and hypodontia (Gorlin et al. 1990). ADULT syndrome differs from EEC syndrome
by the absence of facial clefting. Interestingly, one patient mutation confers novel transcription
activation capacity on the ∆NP63γ isoform, which does not normally possess such activity (gain-of-
function effect) (Amiel et al. 2001; Duijf et al. 2002a).
Limb-mammary syndrome (LMS)
LMS is characterized by split-hand/foot malformation, mammary gland and nipple hypoplasia and
isolated cleft palate whereas patients do not suffer from skin or hair defects (Gorlin et al. 1990).
Frameshift mutations in exons 13 and 14 that result in truncations of the P63 protein have been
found from two patients (van Bokhoven et al. 2001).
Split-hand/split-foot malformation (SHFM)
Non-syndromic SHFM is a limb malformation, which is characterized by syndactyly, median clefts
of the hands and feet, and aplasia and/or hypoplasia of the bones in fingers (Gorlin et al. 1990).
SHFM is genetically heterogeneous and at least six mutations of P63 have been identified in SHFM
patients although P63 mutations probably account for no more than 10% of non-syndromic SHFM
(van Bokhoven et al. 2001; Duijf et al. 2003b). Two of the mutations are amino acid substitutions,
which appear to be primarily involved in the maintenance of the overall structure of the DNA-
binding domain (Ianakiev et al. 2000).
p53 family of transcription factors
P63 is a member of the p53 family, which now consists of three genes: p53, p63 and p73. Members
of this family share significant homologies in their DNA binding, transactivation and
oligomerization domains suggesting that they may transactivate common target genes (Yang et al.
2002). P63 and p73 have additional C-terminal sequences, which have no homologue in p53. In
addition, p53 has only a single transcript whereas p63 and p73 have at least six variants, which are
generated by alternative splicing in the C-terminal domain. P63 uses two different promoters/ATG
in combination with three alternatively spliced C-terminal ends (Fig. 4). The three isoforms (TAα,
TAβ, TAγ) are produced by a 5’- promoter and alternative splicing at the 3’ end of the gene. Each
of these three splice variants can also be expressed from an internal promoter upstream of exon 3’
that provides a different ATG to initiate translation downstream of the TA domain. These N-
terminal deleted p63 isoforms are referred to as ∆Np63-α, -β, and -γ. Often, they do not activate
transcription but instead can inhibit the transactivation functions of the other family members and
isoforms (Yang et al. 1998). The current information suggests that members of the p53-family of
transcription factors have overlapping as well as distinct biological functions.
p53 family in development
p53, p63 and p73 are conserved during evolution between species. For example, p63 gene has been
identified at least in mouse, human, Xenopus, zebrafish, chick and a marine mollusc (Lu et al. 2001;
Lee and Kimelman 2002; Bakkers et al. 2002; Yasue et al. 2001; Cox et al. 2003).
Mice engineered to have p53 deletions have multiple types of tumors (increased risk of
tumorigenesis) (Donehower et al. 1992). However, there is a spectrum of developmental lesions in
p53-deficient mice such as defects in neural tube closure and upper incisor formation (Armstrong et
al. 1995). p73 null mutant mice display defects in neuronal development and in pheromonal and
inflammatory responses (Yang et al. 2000). Mice homozygous for a disrupted p63 gene acquire
major defects in the development of epithelial organs namely agenesis of squamous epithelia and
their derivatives such as epidermal appendages, and mammary, salivary and lacrimal glands (Mills
et al. 1999; Yang et al. 1999). In addition, p63 mutant embryos have striking defects in limb
morphogenesis and show the downregulation of AER marker Fgf8 and a progress zone marker,
Msx1. Elegant use of antisense morpholino oligonucleotides against zebrafish p73 result in defects
of neuronal and craniofacial development (Rentzsch et al 2003).
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Fig. 4. Schematic representation of the structure of p63. p63 uses two major transcription intiation
sites (arrows) and extensive alternative splicing, to generate different mRNAs. Several protein domains
can be distinguished: TA, transactivation domain; DBD, DNA binding domain; OD, oligomerization
domain; SAM, sterile α-motif. Numbers indicate exons.
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AIMS OF THE STUDY
The aim of this thesis was to study the role of ectodysplasin, Edar and p63 signaling during the
development of teeth and hair and in the pathogenesis of ectodermal dysplasia syndromes.
The specific aims were:
• To analyze the distribution of Eda and Edar expression in embryonic tooth and hair follicle
and identify signals regulating the expression of Eda and Edar
• To investigate the downstream responses of Edar signaling in cultured cells and developing
tooth germs
• To establish the expression patterns of p63 isoforms ∆N and TA during tooth and hair
development and to study the regulation of p63
• To investigate the pathogenesis of tooth and hair defects in p63 null mutant mice and
identify downstream target genes of p63
MATERIALS AND METHODS
The experimental methods used in this thesis are listed in Table IV. The description of each method
is found in original publication.
                    Table 4. Experimental methods used in this study.
Method           Publication
Animals and Preparation of Tissues I, II, III, IV
Tissue culture I, II, III, IV
Recombinant proteins and bead implantation
assays
I, II, III, IV
In Situ Hybridization I, II, III, IV
Immunostaining           II, III, IV
Expression vectors III
Cell culture and transfection           III
Reporter assay for NF-κB           III
Indirect immunofluorescense and Western
Blotting
III
JNK and p38 activity assays III
Whole Mount Tunel Staining III
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RESULTS AND DISCUSSION
Ectodysplasin and Edar during tooth and hair follicle development (Articles I,II)
Gene expression of Eda and Edar during murine tooth and hair follicle development
We used in situ hybridization for studying the localization of TNF ligand Eda (Tabby, Ta; encoding
ectodysplasin) and TNF receptor Edar (downless, dl) in developing mouse molar teeth and surface
ectoderm (Fig. 5). Prior to any sign of morphological tooth (E10) or hair follicle (E11-E13)
formation, both Eda and Edar were coexpressed throughout the ectoderm (see also Tucker et al.
2000). When the epithelium formed a placode (early signaling center), Edar transcripts were
confined to the placode whereas Eda hybridization signal was detected in the intervening epithelium
(Montonen et al. 1998; Mikkola et al. 1999; Headon and Overbeek 1999). As shown also in other
studies (Pispa et al. 1999; Tucker et al. 2000), similar pattern continued during advancing
morphogenesis when the dental epithelium folded and formed a cap. Edar expression was very
intense and restricted to the enamel knots at the sites of folding, and Eda was expressed in the outer
enamel epithelium. During hair follicle development (stages 4-5), these genes were colocalized in
the bulb region. In addition, Eda transcripts continued in the interfollicular epidermis. Although
Eda expression appeared to be confined to the epithelium of embryonic skin, we cannot exclude the
presence of some Eda transcripts in the mesenchyme. Based on the comparison of the expression
patterns, we conclude that Eda and Edar are expressed in a largely complementary fashion and
restricted to the epithelium indicating that TNF signaling takes place within epithelial tissue and not
across the epithelial and mesenchymal tissue layers during tooth and hair morphogenesis.
Our study showed that the TNF ligand Eda is produced by the epithelial cells outside the enamel
knots indicating that interactions between epithelial cell compartments regulate the function of the
signaling centers. Edar and TNFRSF19 (Pispa et al. 2003) are so far the only signal receptors
restricted to the enamel knot. Ectodysplasin is produced as a type II transmembrane protein that has
the N-terminal end projecting intracellularly and the c-terminal end pointing outward (Singer et al.
1991; Kere et al. 1996) and exerts its effects by binding to specific cell surface receptors. In the cap
stage tooth, Eda and Edar expressing cells are separated by several cell layers indicating that
ectodysplasin may diffuse between epithelial compartments. Similarly in the hair placode Eda is
confined to the interfollicular ectoderm whereas its receptor resides in the placode. Indeed,
ectodysplasin, like some other TNFs, is cleaved in the extracellular region by a furin-like enzyme, is
shed from the cell surface and can thus act on cells which are not in intimate contact (Gruss and
Dower 1995; Baker and Reddy 1998; Chen et al. 2001; Elomaa et al. 2001; Schneider et al. 2001).
Interestingly, based on phenotypic features of the skin defects in heterozygote EDA patients as well
as on results from tissue recombination studies of Eda and Edar mutant skin, it was suggested
already 30 years ago that the product of Eda gene is a diffusible molecule (Sofaer 1973).
Furthermore, mutations in the furin cleavage site have been identified in patients having HED
(Pääkkönen et al. 2001; Schneider et al. 2001; Vincent et al. 2001). On the other hand, during the
initiation and bud stages of tooth development the patterns of Eda and Edar are complementary,
and signaling could take place at the expression boundaries even if ectodysplasin remains anchored
to the cell membrane.
Remarkably, Edar transcripts colocalized with a number of signal molecules such as Bmp2 and -4,
Fgf4, Lef1 and Shh (Lyons and Hogan 1990; Zhou et al. 1995; Bitgood and McMahon 1995;
Vaahtokari et al. 1996; Jernvall et al. 1998; Kettunen and Thesleff 1998; Keränen et al. 1998;
Jernvall and Thesleff 2000) in the enamel knots and hair placodes, which suggests that
ectodysplasin may regulate the functions of the signaling centers. Furthermore, this indicates that
TNF signaling is integrated with other signal pathways and that it has roles in the formation and
function of the epithelial signaling centers during tooth and hair morphogenesis. Hence, similar
observations in the two ectodermal organs suggest conserved roles for TNF signaling during
ectodermal organ development. Interestingly, it was recently shown that also scale formation in fish
depends on ectodysplasin signaling indicating that its function has been conserved during the
evolution of organs that form as ectodermal appendages (Kondo et al. 2001).
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Fig. 5  Schematic representation of expression patterns of Eda and Edar in
the developing mandibular first molar of the mouse.
Regulation of Eda and Edar expression
We have used an in vitro system and in situ hybridization to analyze the putative upstream
regulators of TNF signaling during ectodermal organogenesis by applying beads or cell aggregates
on developing murine tooth and skin. The signal proteins EGF, FGF4, FGF10, BMP2, BMP4, Shh,
ActivinA and Wnt6 were applied locally as beads or cell aggregates on explants of E12 tooth germs
and E13-E15 back skin (representing the stage when placode formation starts). Although Eda and
Edar were expressed in the epithelial cells during tooth and hair morphogenesis, the effects of
signal molecules on their expression in explant cultures indicated that they are intimately linked
with the epithelial-mesenchymal interactions and signaling networks during tooth and hair
organogenesis.
Wnt6 induce Eda expression and is transduced by LEF1
Interestingly, of the tested signals, only Wnt6 induced Eda expression in developing murine molars
and epidermis. Wnt6 was the only Wnt family gene analyzed, and it may have mimicked the effects
of other family members. Wnt6 is expressed in the ectoderm and its appendages with several other
Wnts, and some, although fewer Wnt genes are expressed in the mesenchyme (Sarkar and Sharpe
1999; Reddy et al. 2001). Wnt3a and Wnt7a, which are expressed in the epithelium affect gene
expression in the dermal component of hair follicles and induce the maintenance of hair-inducing
activity of the dermal papilla (Kishimoto et al. 2000). It was suggested that an epithelially expressed
Wnt may coordinate the development of epidermis and dermis during hair follicle development. It is
an intriguing possibility that these Wnt signals may regulate the development of the epidermal
placodes by inducing Eda expression.
It is also possible that different Wnts regulate Eda expression at various developmental stages. One
candidate regulator of the early Eda expression is Wnt7b, which is expressed in oral epithelium but
is excluded from the dental epithelium and hence shows coexpression with Eda during the time of
tooth initiation. Wnt7b was recently implicated in the formation of the boundary between oral and
dental ectoderm together with Shh, which is expressed exclusively in dental epithelium (Sarkar et
al. 2000). Like ectodysplasin and Edar, Wnt7b and Shh were suggested to mediate planar signaling
through the plane of epithelium and to regulate the formation of the tooth bud from the dental
lamina.
Our analysis of Lef1-/- ectoderm and tooth buds revealed downregulation of Eda expression
indicating that LEF1 may mediate the nuclear effects of the Wnt signals regulating Eda. The
downstream targets of LEF1/TCFs have been largely unknown until recently. Kratochwil and
coworkers showed that Fgf4 is a transcriptional target of Lef1 and can rescue the arrest of tooth
development in Lef1-/- mice (Kratochwil et al. 2002). Lef1- deficient mice have defects in the
development of several organs, among them hair, whiskers, and teeth (van Genderen et al. 1994;
Kratochwil et al. 1996). Eda mutant mice have defects in the same ectodermal organs, although the
Eda-/- phenotype is milder and there are differences in the types of hairs affected. There are several
possibilities to explain these discrepancies. For instance, different molecular mechanisms may
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regulate the development of different hair types, the different expression patterns of Eda and Lef1
during initiation may account for such differences. It is also possible that Eda and Lef1 signaling
pathways counteract at some level, or that expression differences between genes in same families
play roles. LEF1 may be redundant with other TCF-family transcription factors (Okamura et al.
1998), and ectodysplasin and Edar with other TNF ligands and receptors. The possibility that Eda
may be a direct target of LEF1 is supported by the presence of a conserved Lef1 binding site in the
promoter of the human EDA and corresponding mouse genes (Kere et al. 1996) and a mutation in
this region has been reported in one ectodermal dysplasia patient (Kobielak et al. 1998). Co-
transfection of LEF1 and β-catenin was recently shown to increase the transcription of EDA
although the promoter region containing LEF1 binding site was not sufficient for mimicking
endogenous expression suggesting that other transcriptional regulators might contribute to the
proper expression of Eda (Durmowicz et al. 2002). Taken together, these results support a central
role for Wnt/β−catenin/Lef1 signaling in the regulation of the expression of ectodysplasin.
Although Edar and Lef1 are coexpressed in epithelial signaling centers the analysis of Lef1-/-
embryos indicates that these two genes do not function on the same pathway. Therefore, expression
of Lef1 in the enamel knot, where it also overlaps with expression of Wnt10a, may be required for
the regulation of other genes involved in organogenesis. According to this scheme, Wnt signaling
would be involved both in the regulation of TNF signaling at the early stage of tooth development
and in the regulation of additional events at the bud stage, when activin signaling appears to control
TNF signaling by modulating Edar expression.
Induction of Edar expression
We monitored the expression of Edar in a similar series of experiments as Eda, and interestingly,
only activinA, which is expressed in the mesenchyme, stimulated the expression of Edar. ActivinA
stimulated Edar transcripts only in the presence of the mesenchyme and this phenomenon took
place only in the placodes at apparently predetermined locations. This indicates that activin does not
regulate Edar directly. It is possible that some proteins needed for activin signal transduction are
induced by another mesenchymal signal. Secondly, Edar may be regulated by the co-operation of
two different signals. The third possibility is that activin induces another signal in the mesenchyme
or in the epithelium, which then regulates Edar expression. In any case, our observations indicate
that TNF signaling in epithelium is regulated by mesenchymal signals and that activin may be such
a signal.
Hence, although Bmp2, Bmp4, Fgf4 and Shh are coexpressed with Edar in the epithelial signaling
centers they did not regulate its expression. Instead, Edar expression in the dental epithelium
appears to be intimately linked with the mesenchymal-epithelial interactions, because activinβA
expression is confined to dental mesenchyme. ActivinβA expression in dental mesenchyme is
necessary for normal tooth development (Ferguson et al. 1998), and our results indicate that at least
one of its functions is to stimulate Edar expression in the dental epithelium and thereby to make the
signaling centers responsive to TNF signaling. However, Edar is conceivably not the only target of
activin signaling because the tooth and hair phenotype of the activin null mutants is more severe
than that of Eda and Edar mutant embryos (Grüneberg 1965; Ferguson et al. 1998).
Although tissue recombination studies have shown that activin is not required for tooth
development any more during cap stage (Ferguson et al. 1998) it is possible that loss of activin at
this stage causes only slight impairment in tooth development, which was not detected. This would
be in line with the rather mild and variable tooth phenotype in Eda and Edar mutants.
Overall, our results indicate that TNF signaling is controlled by two different signals, an
(presumably) epithelial signal (Wnt) and a mesenchymal signal (activinA) regulating the expression
of the ligand and receptor, respectively.
Development of hair follicles and differentiation of epidermis in Eda mutants
The phenotype and pathogenesis of skin and hair defects in Eda-/- mice have been described earlier
in detail (Sofaer 1973; Hardy 1969; Vielkind and Hardy 1996). We confirmed that the hairs of Eda
mutants look like abnormal awls whereas tylotrich, auchene and zig zag hairs are absent. The
striking expression pattern of Edar during hair follicle morphogenesis indicates a role for TNF
signaling in the formation and/or function of epithelial placodes and hair follicles. Possible
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explanations for the formation of awl hairs in Eda-/- mice are redundancy of ectodysplasin and Edar
with other TNFs and receptors, or compensation of TNF signals with other signaling pathways.
There are several lines of evidence indicating that there exist other TNF ligands and receptors,
which regulate embryonic morphogenesis and may have redundant functions with ectodysplasin and
Edar. A novel receptor XEDAR (X-linked ectodysplasin-A2 receptor), which is expressed in hair
follicles, binds the EDA-A2 splice form of ectodysplasin whereas EDA-A1 splice variant binds to
Edar (Yan et al. 2000). Another novel TNF receptor which is expressed in hair follicles, called
TROY (TRADE/TAJ) has been cloned (Eby et al. 2000; Kojima et al. 2000). Furthermore, Eda and
Edar are expressed in mice and humans in a variety of tissues, which are not affected in ectodermal
dysplasia syndromes (Montonen et al. 1998; Mikkola et al. 1999; Pispa et al. 2003), suggesting that
they may have redundant functions with other TNFs and TNF receptors. The broad expression
patterns also suggest that the developmental regulatory functions of TNFs may not be restricted to
ectodermal organs.
We could not confirm the earlier suggestion that the differentiation of the skin is affected in Eda
mutants (Vielkind and Hardy 1996). All studied differentiation markers of the keratinocytes,
Keratin14 (Kopan and Fuchs 1989), Keratin10 (Byrne et al. 1994) and filaggrin, were present
suggesting that ectodysplasin/Edar signaling does not essentially regulate cell differentiation in the
epithelium. This is in line with several studies in which alterations of the NF-κB activity in basal
epithelial cells in skin did not affect the expression patterns of differentiation-specific markers
although NF-κB signaling has been frequently implicated in epidermal differentiation (Kaufman
and Fuchs 2000). NF-κB activity in basal keratinocytes appears to regulate the cessation of cell
cycle, as the inhibition of NF-κB activity leads to hyperproliferation of epidermis, which is not seen
in Eda mutants. It is conceivable that these later effects of NF-κB in epidermis are not regulated by
ectodysplasin/Edar signaling since Edar is not expressed in the basal epithelial cells after E15 when
placodes have formed.
Search for downstream targets of ectodysplasin-Edar signaling
Earlier analysis of the phenotype of the first molars in Eda-/- mice indicated that the development
was affected already at bud stage and at cap stage the teeth were hypoplastic (Pispa et al. 1999). The
enamel knot formed but it was small in size and morphologically abnormal. In addition, the
transcripts of several enamel knot signals, including Fgf4, Bmp4, Shh and Wnt10a, were present in
the enamel knots of Eda-/- teeth although in smaller than normal domains (Pispa et al. 1999). Our
finding that Edar expression was actually restricted to the enamel knot provided further support to
the assumption that the function of the enamel knot is directly affected in Eda-/- mice, and therefore
we continued the search for possible targets of TNF signaling among the genes expressed in the
enamel knots. Our in situ hybridization analysis with Lef1, Msx2, and Bmp2 showed that their
transcripts were detected also in the epithelium of Eda-/- molars although in smaller domains.
Hence, Lef1, Msx2, and Bmp2 genes do not appear to be targets of ectodysplasin signaling in the
enamel knot.
We also compared the expression of several candidate target genes of the common signaling
pathways in the hair placodes of E15 and E17 wild type and Eda mutant embryos. Tylotrich
placodes do not form in Eda-/- ectoderm, and at E15 none of the genes, which in the wild type skin
was confined to the placode ectoderm or underlying mesenchyme showed punctuated expression.
They were either absent, like Shh, Ptc, and Bmp4, or showed expression throughout the ectoderm or
underlying mesoderm like activin, Edar, and Lef1. Therefore it is not possible to identify targets of
ectodysplasin/Edar signaling in the tylotrich follicles. At E17, when the awl follicles in Eda mutant
skin have been initiated, all placodal genes analyzed showed intense localized expression in the
ectodermal placodes and/or in the underlying mesenchyme indicating that ectodysplasin/Edar
signaling is not required for their expression in the second wave awl follicles. This result indicates
that ectodysplasin/Edar signaling is not needed for the expression of the other genes analyzed in awl
placodes. However, our observations do not necessarily exclude the possibility that some of the
genes could be downstream targets of Edar because there may be a redundant TNF signal operating
in the awl follicles. Interestingly, Bmp4 expression is upregulated in transgenic mice overexpressing
Edar under K14 promoter (Pispa  2004). Hence, it is possible that Bmp4 is an indirect target of Edar
signaling via activation of NF-κB signaling cascade.
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Our finding that Edar was expressed in the enamel knots and ectoderm of Eda-/- embryos indicates
that the expression of the TNF receptor Edar does not depend on its own signaling. However, the
observation that Edar did not show a punctuated pattern in the beginning of the first wave of
folliculogenesis indicates that ectodysplasin/Edar signaling is upstream of the patterning of Edar
and other placodal genes of the placodes. Furthermore, a recent study in which β-catenin function
was conditionally deleted in the ectoderm indicates that Edar acts upstream of most other genes in
the placodes (Huelsken et al. 2001). The development of the tylotrich follicles was inhibited, and
several placodal markers including Shh, Patched and Bmp4 were absent. However, Edar was
expressed in a punctate pattern resembling the distribution of hair placodes indicating that it acts
upstream of β-catenin, which could be placed upstream of the other placodal genes (Huelsken et al.
2001). We did not detect differences in β-catenin expression between wild type and Eda mutant
skin by in situ hybridization analysis, which suggests that ectodysplasin/Edar signaling is not
needed for β-catenin expression.
Because Edar expression is not patterned to the hair placodes in the Eda mutants, it is conceivable
that ectodysplasin/Edar signaling has a role already before actual placode formation, and acts
further upstream. However, recent evidence from our laboratory indicates that ectodysplasin-Edar
signaling may not be involved in the patterning of placodes since exogenous Eda-A1 could not
accelerate the inductio of hair follicles suggesting that Eda-A1 cannot override the normal
requirement of the first dermal signal (Mustonen et al. unpublished observations). Wnt signaling has
been frequently implicated in the early inductive events during hair and feather development. For
instance, overexpression of TCF/LEF1 transcription factors and constitutive activation of β-catenin
affects the patterning of hair follicles and stimulates their development (Gat et al. 1998; Noramly et
al. 1999). Our demonstration that Eda expression is induced by Wnt signals, which are transduced
by LEF1, is intriguing.  It is conceivable that also β-catenin is required for this signal transduction,
although Edar was patterned to the placodes in the ectoderm of conditional β-catenin mutants
(Huelsken et al. 2001). Because the cre-mediated recombination in the ectoderm occurred later than
the stage of placode patterning, β-catenin expression presumably was not yet affected during the
patterning process. In conclusion, we propose that the effects of Wnt signaling during the early
stages of placode development are at least partly due to upregulated ectodysplasin expression and
the subsequent stimulation on TNF signaling and activation of NF-κB responsive genes in the early
ectoderm. What are the downstream targets of this signaling and what leads to the patterned
expression of Edar and subsequently of other placodal markers will be an interesting question to be
answered in future studies.
A reaction-diffusion model for placode patterning in feathers and hairs has been put forward which
assumes the existence of diffusible activators of placodes, such as FGFs, and inhibitors, e.g. BMPs
(Jung et al. 1998; Oro and Scott 1998). Ectodysplasin could be a key activator in such a model as
has previously been suggested. The more recent analysis of Eda overexpression in transgenic mice
and the in vitro effects of EDA protein have indeed confirmed the key function of Eda in
stimulating the growth of ectodermal placodes (Mustonen et al. unpublished observations).
Interestingly, the treatment of pregnant Eda-/- mice with a recombinant form of EDA1, engineered
to cross the placental barrier, permanently rescues the Eda-/- phenotype in the offspring.
Furthermore, sweat glands can also be induced by EDA1 after birth (Gaide and Schneider 2003).
This is the first example of the prevention of congenital malformation by recombinant protein
treatment.
Mechanisms of Edar signaling (Article III)
Signaling by TNFRs leads to pleiotropic responses depending of the cell types and other signals the
cell receives. Many TNFRs can activate transcription factor NF-κB in a ligand independent fashion
when receptor construct is overexpressed in transfected cells (Chinnaiyan et al. 1996). Not
surprisingly, our study showed that NF-κB activation is also triggered by overexpression of Edar in
a dose-dependent fashion. Practically no NF-κB response was detected when cells were transfected
with mutant forms of Edar such as Sleek (used in our study) or other mutated Edar forms lacking
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the death domain (Kumar et al. 2001) suggesting that activation of NF-κB is critical for Edar
function. However, prominent residual activity was detected in cells transfected with a E379K
mutant found in Edar-/- mice indicating that two such alleles are needed for a significant
impairment of NF-κB signaling. Furthermore, the dominant mutants are expressed at higher levels
on cell surface compared to the wild type protein indicating that they are more efficient in capturing
ligands and may thus, act as decoy receptors. Also in vivo evidence exists indicating the importance
of NF-κB in the mediation of Edar signaling in the development of ectodermal organs.
Hypomorphic mutations reducing the activity of IKKγ, which is required for NF-κB activation,
cause HED. The dominant-negative form of IKKγ inhibits Edar mediated NF-κB activation (Zonana
et al. 2000; Döffinger et al. 2001; Aradhya et al. 2001). In addition, transgenic mice with suppressed
NF-κB activity have similar defects in teeth, hair and sweat glands as Eda-/- mice (Schmidt-Ullrich
et al. 2001).
When we transfected cells with Edar together with ectodomain constructs of ectodysplasin, Eda-A1
or Eda-A2, a synergistic effect was found between Eda-A1 and Edar. Interestingly, Eda-A2
increased the NF-κB response alone and coexpression of Eda-A2 with Edar was equal to the sum of
their activities when both were expressed separately. The two isoforms of ectodysplasin, Eda-A1
and Eda-A2 bind to two different receptors, Edar and Xedar (Yan et al. 2000) and our puzzling
result is most readily explained by the likely presence of Xedar in cells used in the present study.
In the present study overexpression of Edar did not activate SAPK/JNK pathway nor p38 kinase,
which are activated by many other TNFRs. Conflicting results were obtained by Kumar and
coworkers (2001) concerning the activation of JNK pathway by Edar. This may be due to
differences in the experimental setup or the cell lines used in these studies. In any case, the JNK-
inducing ability of Edar was relatively weak compared to some other TNFs. Interestingly, many
molecules of the JNK pathway are downregulated in the skin of adult Eda-/- mice (Cui et al. 2002).
However, our results on tissue samples suggest that JNK pathway is not active during tooth
development at the time when the defect in teeth of Eda-/- mice is evident and activation of JNK
would be expected if it played a significant role in Edar signaling.
Some TNF receptors contain a cytoplasmic stretch of amino acids, the death domain, which is often
associated with cell death. Hence, we analyzed the ability of Edar to trigger apoptosis by
transfecting several cell lines with his-tagged Edar for 24 or 48 hours. The overall morphology of
the cells transfected with Edar was comparable to neighboring untransfected cells in most cases
indicating that Edar does not have a significant role in the induction of apoptosis. In order to
confirm this result, we compared cell death in developing wild type and Eda-/- mouse teeth by
Terminal Deoxynucleotidyl Transferase Mediated Nick End Labeling (TUNEL) on whole mount
teeth at E14 and observed no difference between the wild type and Eda-/- molars. In addition, we
showed that p21, which has been associated with apoptotic cell fate, was normally expressed in
Eda-/- molars at E14. In addition Edar does not bind death promoting adapter molecules FADD and
TRADD (Kumar et al. 2001). Because HED patients and the corresponding mouse mutants either
lack the affected organs or their development is hypoplastic, it is more likely that the physiological
function of Edar is rather to enhance cell proliferation or survival than to promote cell death.
In summary, our results suggest that the LEF1 mediated Wnt signals upregulate TNF ligand Eda
whereas the expression of TNF receptor Edar is stimulated by activin. In addition, we have shown
that Edar can activate the NF-κB pathway indicating that NF-κB is the main signal transduction
pathway of Edar (Fig. 6).
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Fig, 6. Schematic view of signaling pathway involving ectodsplasin (EDA-A1 isoform) and its
receptor EDAR. Ectodysplasin, expressed in the interplacodal ectoderm is induced by Wnt signals, which
are transduced by LEF1. EDAR, expressed in the placodes is stimulated by activin signals from the
underlying mesenchyme. Ectodysplasin trimer is cleaved by furin and as a soluble ligand can bind to the
trimerized EDAR, which recruits the adaptor protein, Edaradd. Edaradd interacts with TNF receptor-
associated factors (TRAFs). IKK complex activates NF-κB transcription factor.
Transcription factor p63 in tooth and hair follicle development (Article IV)
Localization of p63 and its isoforms ∆Np63 and TAp63 in developing tooth and hair
We analyzed the expression profile of p63 and its two isoforms in embryonic mouse molars (E10-
P3) and back skin ectoderm (E11-NB). In the tooth, p63 probe detecting all isoforms was localized
in the dental epithelium throughout the initiation, bud and cap stages and transcripts were also
observed in oral epithelium. At bell stage, p63 expression was intense in the outer enamel
epithelium whereas the intensity of expression was reduced in inner enamel epithelium and stellate
reticulum. Hybridization signal was lost when the cells of the inner enamel epithelium differentiated
into ameloblasts. In the back skin, p63 transcripts were detected throughout the simple ectoderm in
E10-E13 embryos. When the surface epithelium started stratification and the hair placodes appeared
(E15), staining was seen in the basal epithelial cells and in the developing hair follicles. The
expression patterns for p63 detecting all isoforms and ∆Np63 were identical suggesting that ∆Np63
is the main splice variant in stratifying epithelium and its derivatives. Interestingly, TAp63 transripts
were not seen during odontogenesis or in other epithelial derivatives. However, p63 detecting all
isoforms and TAp63 colocalized in some mesenchymal structures such as the tongue as well as in
the eye and in nerves.
To study whether p63 and ∆Np63 were translated at sites of mRNA expression,
immunohistochemical analysis on tissue sections was performed. P63 and ∆Np63 proteins
colocalized with their corresponding mRNAs during epithelial organogenesis confirming that
∆Np63 is the p63 splice variant expressed during embryonic tooth and hair formation. In summary
the truncated ∆N isoform of p63 is expressed in epithelial cells during the development of
epidermis, hairs and teeth. During advancing morphogenesis ∆Np63 expression continued in the
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epithelial cells of the tooth germs and hair follicles as well as in epidermis, and it was
downregulated during the differentiation of keratinocytes and ameloblasts. We did not detect
expression of the transactivating TAp63 isoform in epithelium at any stage analyzed.
Conflicting observations were recently reported by Koster et al. (Koster et al. 2004) who proposed a
dual role for p63 in development as well as maintenance of epidermis. The results were based on a
more sensitive RT-PCR analysis of whole embryos at early stages of development (E7.5-E9) and of
epidermis from E15 onwards. However, based on the in situ hybridization data together with our
immunohistochemical analysis we conclude that ∆Np63 is the main isoform expressed in the
developing tooth and hair. This is in line with previous reports on developing epidermis in
zebrafish, which detected solely the ∆Np63 isoform (Lee and Kimelman 2002; Bakkers et al. 2002).
Fig. 7. Schematic representation of the expression pattern of p63 in the developing mandibular
first molar of the mouse.
Failure of placode formation in p63-/- embryos
The original phenotypic analyses of p63-/- mice revealed a lack of tooth and hair development but
the pathogenesis and exact stage of arrest was not studied (Mills et al., 1999; Yang et al., 1999). The
thorough histological analysis of molar region revealed a complete arrest of odontogenesis before
the dental placode stage (E12-E13) in p63 mutant embryos. Whole mount in situ hybridization
analysis with markers for early dental lamina showed that Pitx2 and Shh were present in p63 null
mandibles at E11. When Pitx2 and Shh became limited into the budding tooth germs in wild type
mandibles (Mucchielli et al. 1997; Keränen et al. 1998), their expression remained continuous in the
p63 mutants confirming the histological analysis showing that the dental lamina forms but placodes
do not develop. Although tooth morphogenesis failed in the p63 mutants, the early patterning events
of dental development apparently occurred normally. Early signals for dental patterning include
Fgf8 and Fgf9, which are required for tooth initiation (Trumpp et al. 1999). Their expression was
unaffected in the p63 mutants. Also mesenchymal patterning occurred in the absence of p63 as
shown by the typical expression of Bmp4 in the buccal mesenchyme under the epithelial thickening
at E11 (Vainio et al. 1993). Hence, although the epithelial stratification failed in the surface
epidermis, the multilayered epithelial thickenings formed in the oral ectoderm. In summary, tooth
development was patterned normally in the absence of p63 although the morphogenesis of
individual teeth did not proceed beyond the stage of initiation.
The analysis of skin sections confirmed the previously described lack of stratification of surface
ectoderm and the complete absence of hair follicles (Mills et al. 1999; Yang et al. 1999). We did not
detect localized expression of any of the placode marker genes. In particular, β-catenin and Edar
were absent in the p63 mutant embryos indicating failure of hair placode initiation.  β-catenin and
Edar are genes, which are high in the hierarchy of placodal markers and their null mutants fail to
initiate guard hair development (Huelsken et al. 2001). β-catenin and Edar are both expressed
uniformly in the simple ectoderm prior to placode formation and this expression was also
downregulated in the p63 mutants, although not completely. Hence β-catenin and Edar may not be
direct targets of p63.
∆Np63 overexpression has earlier been shown to induce nuclear accumulation of β-catenin and to
activate the β-catenin pathway (Patturajan et al. 2002). Wu and coworkers (Wu et al. 2003)
identified genes regulated by different p63 isoforms using a DNA microarray chip analysis and
obtained contradictory results, which did not detect any significant changes in the RNA levels of β-
catenin. Elevated levels of β-catenin have been shown in the putative keratinocyte stem cells (Zhu
and Watt 1999). The downregulation of β-catenin in p63-/- surface ectoderm may, thus, indicate
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that p63 through β-catenin may contribute the maintenance of the proliferating potential of
epidermal (stem) cells.
In conclusion, these results show that in the absence of p63 expression tooth development arrests at
the dental lamina stage and hair follicle development is not initiated suggesting that p63 is required
in the ectoderm for the formation of the dental and hair placodes.
P63 integrates multiple signaling pathways
To elucidate the role of p63 in ectodermal organogenesis, we performed a detailed survey of
potential downstream target genes. Of the analyzed genes activinA, Bmp4, Egfr, Fgf8, -9, Lef1,
lunatic fringe, Msx1, Msx2, Notch1, -2, -3, Jagged1, -2, Wnt3a, -6, -10b, Eda, Edar, TNFRSF19,
pvrl1, p21, pax9, Pitx2, ptc1 and Shh were analyzed in murine embryos aged between E11-E12. In
addition, we have used in vitro tissue culture system to investigate the potential of several signaling
molecules to regulate p63 expression. Of the signal molecules analyzed, activin, EGF, FGF4, FGF8,
Shh, TGFβ1 and WNT6 did not have any stimulatory effect on p63 expression.
FGF signaling pathway
The FGF receptor splice form Fgfr2b, which is normally expressed throughout the surface and oral
epithelia including the tooth, was absent from the p63 null epithelium at E11-E12. Since Fgfr2b is
known as a receptor regulating the homeostasis of epidermis and morphogenesis of epithelial organs
and shows exact coexpression with p63 in the ectoderm it may be a direct target for p63.  Recently
Fomenkov and colleagues (Fomenkov et al. 2003) noticed the downregulation of Fgfr2b expression
in p63-/- keratinocytes and their results indicated that p63 mutations cause a decrease specifically in
the FGFR2b splice form by affecting RNA processing. Furthermore, a link between Fgfr2b and p63
is supported by the similar limb phenotypes including the downregulation of Fgf8 in knockout
embryos (Mills et al. 1999; Yang et al. 1999; De Moerlooze et al. 2000). However, Fgf8 expression
was normal in the oral ectoderm of p63 mutants. This may indicate differences in the competence of
the different tissues or otherwise Fgf8 may not be a direct target of p63. In addition, the phenotype
in ectodermal organs is much less severe in the Fgfr2B mutants indicating that the arrest of
ectodermal organ development in the p63 mutants may be due to effects on other p63 target genes
than Fgfr2b or to synergistic effects of several genes regulated by p63.
Of the tested signal molecules only FGF10 in addition to BMP2 and BMP7 stimulated ∆Np63
expression in dental epithelium. FGF10 binds exclusively to Fgfr2b and it is expressed in both
epithelium and mesenchyme during tooth initiation, and in the mesenchyme underlying the hair
placodes (Kettunen et al. 2000; Rosenquist and Martin 1996). We found that p63 expression was
unaltered in Fgfr2b mutant epidermis. Hence, although FGF10 upregulates the expression of p63 in
cultured explants, it is not necessary for p63 expression. However, there may exist a positive
feedback loop, where FGF10 stimulates the expression of its own receptor FgfR2b by upregulating
p63.
P63 lies both upstream and downstream of BMP7
Our radioactive in situ hybridization survey revealed that all epithelial cells analyzed were negative
for Bmp7 in the oral and skin ectoderm of p63 mutants whereas in wild type littermates Bmp7 was
expressed throughout simple epithelium. Since the expression pattern of Bmp7 is identical to that of
p63 in the ectoderm it may be a direct downstream target of p63.
Our in vitro studies indicated that BMP7 apparently lies both upstream and downstream of p63.
BMP2 and BMP7, which are expressed only in the ectoderm during early tooth and hair
development, caused significant upregulation of p63 transcripts in whole tooth explants as well as in
isolated epithelia. Our results are in line with earlier findings that there is a binding site for Smad4/5
in the promoter region of ∆Np63 in zebrafish and that ∆Np63 is downregulated in Bmp7 mutant
zebrafish embryos (Lee and Kimelman 2002; Bakkers et al. 2002). Thus BMP7 apparently lies both
upstream and downstream of p63 and since its expression is restricted to the ectodermal cells it acts
within the epithelial sheet. However, since both teeth and hairs form in Bmp7 mutant embryos,
BMP7 is conceivably redundant with other BMPs in regulation of ectodermal organogenesis.
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Notch1 and Jagged1 are missing in p63 null epithelium
Notch1 and ligand Jagged1, which are coexpressed first throughout the early ectoderm and then
confine to the differentiating cells of epithelium (Weinmaster et al. 1991; Kopan and Weintraub
1993; Mitsiadis et al. 1995; Mustonen et al. 2002), were downregulated in oral (E11-E12) and
absent in surface epithelia (E12-E14) in p63 null mutants suggesting that p63 may play important
roles during epidermal differentiation and epithelial appendage development. In addition both
Notch1 and Jagged1 trigger differentiation program in primary keratinocytes and induce
differentiation markers such as involucrin (Rangarajan et al. 2001; Nickoloff et al. 2002).
Furthermore, TAp63 was recently associated with the Notch signaling pathway in cell culture
experiments indicating that the expression of Notch ligands Jagged1 and Jagged2 and Notch target
Hes1 were stimulated by p63 (Sasaki et al. 2002). Although Notch1 and Jagged1 transcripts were
generally absent in the mutant littermates we cannot rule out the possibility of remnants of
transcripts in some epithelial cells. This is in line with previous observations, which showed that
although the p63 mutant ectoderm remains very thin, suprabasal cells apparently do differentiate
since some mutant cells express markers of differentiated keratinocytes (Yang et al. 1999).
Furthermore Notch2, -3, Jagged2, and pvrl1 showed normal expression in the suprabasal cells in
mutant ectoderm possibly confirming that some molecular differentiation took place.
p63 has been suggested to be a marker for keratinocyte stem cells based on the expression pattern
and mutant phenotype (Pellegrini et al. 2001; Yang et al. 1999; Mills et al. 1999), and Notch
signaling has been associated with the maintenance and differentiation of the keratinocyte stem cells
and regulation of epithelial stem cells in teeth (Artavanis-Tsakonas et al. 1999; Lowell et al. 2000;
Harada et al. 1999). Our expression analysis showed that p63 was expressed in the putative stem
cells in mouse incisors, although expression was not restricted to them. Hence, it is possible that the
regulation of Notch1 and its ligand Jagged1 by p63 are important features of stem cell regulation
during keratinocyte differentiation and regeneration of ectodermal organs.
Our findings that p63 either directly or indirectly regulates many genes in different signaling
pathways involved in placode initiation conceivably explain the more universal inhibition of
placode formation in the p63 mouse mutants as compared to most mutants where placodes are
affected by inactivation of genes in one signal pathway only (Fig. 8) (Hardcastle et al. 1998;
Satokata and Maas 1994; van Genderen et al. 1994).
Fig. 8. p63 is a central component of the signal pathway network regulating epithelial
morphogenesis. The absence of Bmp7, Fgfr2b, Jag1 and Notch1 from the ectoderm of p63
null embryos, and significant reduction of β-catenin and Edar indicate that the responsiveness
of the mutant ectoderm to signals in the BMP, FGF, Notch, Eda (TNF) and Wnt pathways is
compromised. In addition the expression of p63 is stimulated by BMP2, BMP7 and FGF10,
known regulators of epithelial development.
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CONCLUDING REMARKS
Over the past few decades an increasing number of genes involved in aetiology and pathology of
hereditary human syndromes have been discovered. This thesis work has focused on the
characterization of ectodysplasin-Edar and p63 signaling in epithelial morphogenesis and
pathogenesis of ectodermal dysplasia syndromes.
Ectodysplasin-Edar pathway is needed for the development of teeth, hairs, sweat glands, salivary
glands, lacrimal glands and a large group of smaller glands in several mammals including humans,
mice and cows (Kere and Elomaa 2002; Grüneberg 1966; Grüneberg 1971; Drögemüller et al.
2002). In addition to mammals, Edar signaling is needed for scale development in Medaka fish
(Kondo et al. 2001).
Thus far, the upstream regulators of ectodysplasin-Edar signaling during tooth and hair formation
have been largely unknown. In this study, we have shown that signaling mediated by TNF ligand
Eda and its receptor Edar is intimately linked with other signaling pathways during embryonic
development. First, Wnt signaling mediated by LEF1 was shown to regulate the expression of Eda
(Durmowicz et al. 2002). Wnt signaling is known to be a key regulator of hair and tooth initiation
by regulating gene expression in the early ectoderm (van Genderen et al. 1994; Gat et al. 1998;
Noramly et al. 1999; Niemann et al. 2002; Sarkar et al. 2000). It is possible that Eda is among the
early genes regulated by these Wnt signals. However, the promoter region of Eda containing the
LEF1 binding site is not sufficient for mimicking endogenous expression indicating that other
transcriptional regulators may contribute to the function of Eda (Durmowicz et al. 2002). Secondly,
the expression patterns of Eda and Edar showed that these genes mediate interactions within
epithelium between epithelial compartments. However, the stimulation of Edar mRNA by activin
indicated that TNFR signaling is associated with epithelial-mesenchymal interactions. The
upregulation of Edar appears to be an early event in placode formation. Conditional inactivation of
β-catenin, a mediator of Wnt signaling, in the epidermis caused failure of placode formation, but
Edar expression was patterned to the placodal sites although no morphological signs of placode
initiation were apparent in these mutant mice. (Huelsken et al. 2001). This suggests that Edar
functions high in hierarchy among several other placodal genes.
Signaling mediated by TNFRs leads to pleiotropic responses depending on the cell type and other
signals the cell receives. The most typical response to TNFR signaling is the activation of the
transcription factor NF-κB. We showed that the transfection of mammalian cells with Edar results
in a dose-dependent response of NF-κB, which can be enhanced by co-expression of EDA-A1.
Practically no NF-κB activation is observed in cells transfected with mutant forms of Edar
suggesting that engagement of the NF-κB pathway is critical for Edar function. Thus far, no
downstream target genes of NF-κB signaling mediated by Edar have been revealed.
We have also examined p63 the mutations of which are behind several human syndromes affecting
the development of ectodermal derived organs. The almost total failure of epidermal development
and lack of ectodermal organ morphogenesis in the p63 deficient mice is one of the most severe
ectodermal phenotypes reported in mouse mutants. Our findings that p63 is required for the
expression of mediators of several signal pathways including BMP, FGF, Notch, Edar and Wnt in
the ectoderm indicate that the responsiveness of the mutant ectoderm to signals in several pathways
is compromised. This can conceivably explain the severity of the mutant phenotype. P63 signaling
is essential for the development of ectoderm and its appendages in several animal models analyzed
indicating that p63 is very high in hierarchy among genes regulating epidermal differentiation and
ectodermal organ development. Interestingly, Edar mRNA was downregulated in p63 null embryos
suggesting that these two genes may function in the same molecular pathway in the pathogenesis of
ectodermal dysplasias. The unaffected expression of pvrl1 in p63 mutants indicates that the defects
in same ectodermal organs in human ectodermal dysplasia syndromes may have different
pathogenetic mechanisms. In addition we identified putative upstream regulators of p63 signaling.
The expression of p63 was stimulated by members of the BMP and FGF families, which are known
regulators of epithelial development. Hence, we conclude that p63 is a central component of the
signal pathway network regulating epithelial morphogenesis.
In summary, by elucidating the signaling pathways mediated by Eda/Edar and p63, a better
understanding of the mechanisms lying behind human syndromes affecting ectodermal
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organogenesis is achieved. Only by having a thorough understanding of the molecular signaling
involved in ectodermal dysplasia syndromes, can we continue the development of effective
treatment regimens for human patient
38
ACKNOWLEDGEMENTS
This study was carried out at the Institute of Biotechnology with the financial support of the
Academy of Finland, Sigrid Juselius Foundation, Viikki Graduate School in Biosciences and
Finnish Dental Society.
I express my deepest gratitude to my supervisor Professor Irma Thesleff, Head of the Department of
Pedodontics and Orthodontics and Director of the Developmental Biology Programme, University
of Helsinki, Finland for taking this shy and quiet student into her famous tooth group. Irma has
provided me excellent working environment and her never-ending enthusiasm and knowledge have
always been in my use. I feel fortunate to have had her as my supervisor and friend. Thank you.
I thank Professor Mart Saarma, Head of the Institute of Biotechnology, for providing excellent work
and core facilities.
I would like to thank Vice Rector Professor Marja Makarow, Head of the Viikki Graduate School in
Biosciences for organizing excellent seminars and courses.
Professor (Emerita) Sinikka Pirinen and Professor Seppo Vainio are acknowledged for their expert
review of this manuscript.
I wish to thank my follow-up group Professor Juha Kere and Docent Kirsi Sainio for their interest in
my topic and advice.
I warmly thank Professor Ulpu Saarialho-Kere and Outi Montonen for sharing their expertise on in
situ hybridization.
I express my thanks to Silja Johansson who has introduced the clinical field to me. I also want to
thank my colleagues in the Northern Health Center of Helsinki for all your advice and support
during clinical work.
All former and present members of the tooth group are deeply thanked for creating such a warm
working atmosphere. Especially I would like to thank Marja Mikkola for patiently sharing the office
room with me during these years. I warmly thank Mark Tümmers for friendship and joyful attitude
to life. I am also grateful for the excellent technical help from Heidi Kettunen, Mariana Loto Pena,
Merja Mäkinen, Ljudmila Rasskozova and Riikka Santalahti. I warmly thank all members of the
Developmental Biology Programme for fruitful discussions during these years.
Extra special thanks to all my friends outside work. I express my heartfelt thanks to Sari Hietanen
for giving her beautiful show-jumper Sonnenlady Ger in my use. I would also like to thank Minna
Leppänen for friendship and "vet" help. Many thanks to Heli Laukkanen especially for her valuable
help as a dog sitter. The "Blonde Group" is also greatly acknowledged for providing all the fun and
latest gossip.
Finally extra special thanks to my mother and my late father. Last I want to express my deepest
gratitude to my fantastic smooth collies Karenclan's Glorious Lily and Karenclan's Rival Freegirl,
who have patiently taken me for long walks during these years.
Helsinki, April 2004.
Johanna Laurikkala
39
REFERENCES
Online Mendelian Inheritance in Man, OMIM (TM), McKusick-Nathans Institute for Genetic Medicine,
Johns Hopkins University (Baltimore, MD) and National Center for Biotechnology Information,
National Library of Medicine (Bethesda, MD). http://www.ncbi.nlm.nih.gov/omim/.
Amaya, E., Musci, T. J., and Kirschner, M. W. (1991) Expression of a dominant negative mutant of the
FGF receptor disrupts mesoderm formation in Xenopus embryos. Cell 66, 257-270.
Amiel, J., Bougeard, G., Francannet, C., Raclin, V., Munnich, A., Lyonnet, S., and Frebourg, T. (2001)
TP63 gene mutation in ADULT syndrome. Eur. J. Hum. Genet. 9, 642-645.
Andl, T., Reddy, S. T., Gaddapara T, and Millar, S. E. (2002) WNT signals are required for the initiation
of hair follicle development. Dev. Cell 2, 643-653.
Aradhya, S., Woffendin, H., Jakins, T., Bardaro, T., Esposito, T., Smahi, A., Shaw, C., Levy, M.,
Munnich, A., D'Urso, M. et al. (2001) A recurrent deletion in the ubiquitously expressed NEMO
(IKK-gamma) gene accounts for the vast majority of incontinentia pigmenti mutations. Hum. Mol.
Genet. 10, 2171-2179.
Armstrong, J. F., Kaufman, M. H., Harrison, D. J., and Clarke, A. R. (1995) High-frequency
developmental abnormalities in p53-deficient mice. Curr. Biol. 5, 931-936.
Artavanis-Tsakonas, S., Rand, M. D., and Lake, R. J. (1999) Notch signaling: cell fate control and signal
integration in development. Science 284, 770-776.
Baker, S. J. and Reddy, E. P. (1998) Modulation of life and death by the TNF receptor superfamily.
Oncogene 17, 3261-3270.
Bakkers, J., Hild, M., Kramer, C., Furutani-Seiki, M., and Hammerschmidt, M. (2002) Zebrafish
DeltaNp63 is a direct target of Bmp signaling and encodes a transcriptional repressor blocking neural
specification in the ventral ectoderm. Dev. Cell 2, 617-627.
Balemans, W. and Van Hul, W. (2002) Extracellular Regulation of BMP Signaling in Vertebrates: A
cocktail of Modulators. Dev Biol 250, 231-250.
Barrantes, I. B., Elia, A. J., Wunsch, K., De Angelis, M. H., Mak, T. W., Rossant, J., Conlon, R. A.,
Gossler, A., and de la Pompa, J. L. (1999) Interaction between Notch signalling and Lunatic fringe
during somite boundary formation in the mouse. Curr Biol 9, 470-480.
Bayés, M., Hartung, S., Ezer, S., Pispa, J., Thesleff, I., Srivastava, A.K., and Kere, J. (1998) The
anhidrotic ectodermal dysplasia gene (EDA) undergoes alternative splicing and encodes
ectodysplasin-A  with deletion mutations in collagenous repeats. Hum. Mol. Genet. 7, 1661-1669.
Bei, M., Kratochwil, K., and Maas, R. L. (2000) BMP4 rescues a non-cell-autonomous function of Msx1 in
tooth development. Development 127, 4711-4718.
Bei, M. and Maas, R. (1998) FGFs and BMP4 induce both Msx1-independent and Msx1-dependent signaling
pathways in early tooth development. Development 125, 4325-4333.
Bellus, G. A., Hefferon, T. W., Ortiz, d. L. R., Hecht, J. T., Horton, W. A., Machado, M., Kaitila, I.,
McIntosh, I., and Francomano, C. A. (1995) Achondroplasia is defined by recurrent G380R
mutations of FGFR3. Am. J. Hum. Genet. 56, 368-373.
Bellusci, S., Grindley, J., Emoto, H., Itoh, N., and Hogan, B. L. (1997) Fibroblast growth factor 10
(FGF10) and branching morphogenesis in the embryonic mouse lung. Development 124, 4867-4878.
Berdon-Zapata, V., Granillo-Alvarez, M., Valdes-Flores, M., Garcia-Ortiz, J. E., Kofman-Alfaro, S.,
and Zenteno, J. C. (2004) p63 gene analysis in Mexican patients with syndromic and non-
syndromic ectrodactyly. J. Orthop. Res. 22, 1-5.
Bitgood, M. J. and McMahon, A. P. (1995) Hedgehog and Bmp genes are coexpressed at many diverse sites
of cell-cell interaction in the mouse embryo. Dev. Biol. 172, 126-138.
Bitgood, M. J., Shen, L., and McMahon, A. P. (1996) Sertoli cell signaling by Desert hedgehog regulates
the male germline. Curr. Biol. 6, 298-304.
Blaumueller, C. M., Qi, H., Zagouras, P., and Artavanis-Tsakonas, S. (1997) Intracellular cleavage of
Notch leads to a heterodimeric receptor on the plasma membrane. Cell 90, 281-291.
Botchkarev, V. A., Botchkareva, N. V., Nakamura, M., Huber, O., Funa, K., Lauster, R., Paus, R., and
Gilchrest, B. A. (2001) Noggin is required for induction of the hair follicle growth phase in postnatal
skin. FASEB J. 15, 2205-2214.
Botchkarev, V. A., Botchkareva, N. V., Roth, W., Nakamura, M., Chen, L. H., Herzog, W., Lindner, G.,
McMahon, J. A., Peters, C., Lauster et al. (1999) Noggin is a mesenchymally derived stimulator of
hair-follicle induction. Nat. Cell Biol. 1, 158-164.
Bougeard G, Hadj-Rabia S, Faivre L, Sarafan-Vasseur N, and Frebourg, T. (2004) The Rapp-Hodgkin
syndrome results from mutations of the TP63 gene. Eur J Hum Genet 11, 700-704.
40
Boutros, M., Paricio, N., Strutt, D. I., and Mlodzik, M. (1998) Dishevelled activates JNK and discriminates
between JNK pathways in planar polarity and wingless signaling. Cell 94, 109-118.
Bowden, P. E., Haley, J. L., Kansky, A., Rothnagel, J. A., Jones, D. O., and Turner, R. J. (1995)
Mutation of a type II keratin gene (K6a) in pachyonychia congenita. Nat. Genet. 10, 363-365.
Bray, S. (1998) Notch signalling in Drosophila: three ways to use a pathway. Semin Cell Dev Biol 9, 591-597.
Brunner, H. G., Hamel, B. C., and Bokhoven, H. H. (2002) P63 gene mutations and human developmental
syndromes. Am. J. Med. Genet. 112, 284-290.
Byrne, C., Tainsky, M., and Fuchs, E. (1994) Programming gene expression in developing epidermis.
Development 120, 2369-2383.
Cadigan, K. M. and Nusse, R. (1997) Wnt signaling: a common theme in animal development. Genes Dev.
11, 3286-3305.
Celli, G., Larochelle, W. J., Mackem, S., Sharp, R., and Merlino, G. (1998) Soluble dominant-negative
receptor uncovers essential roles for fibroblast growth factors in multi-organ induction and
patterning. EMBO J. 17, 1642-1655.
Celli, J., Duijf, P., Hamel, B. C. J., Bamshad, M., Kramer, B., Smits, A. P. T., Newbury-Ecob, R.,
Hennekam, R. C. M., Van Buggenhout, G., van Haeringen, B. et al. (1999) Heterozygous
germline mutations in the p53 homolog p63 are the cause of EEC syndrome. Cell 99, 143-153.
Chang, D. T., Lopez, A., von Kessler, D. P., Chiang, C., Simandl, B. K., Zhao, R., Seldin, M. F., Fallon,
J. F., and Beachy, P. A. (1994) Products, genetic linkage and limb patterning activity of a murine
hedgehog gene. Development 120, 3339-3353.
Chen, Y., Bei, M., Woo, I., Satokata, I., and Maas, R. (1996) Msx1 controls inductive signaling in
mammalian tooth morphogenesis. Development 122, 3035-3044.
Chen, Y., Molloy, S. S., Thomas, L., Gambee, J., Bachinger, H. P., Ferguson, B., Zonana, J., Thomas,
G., and Morris, N. P. (2001) Mutations within a furin consensus sequence block proteolytic release
of ectodysplasin-A and cause X-linked hypohidrotic ectodermal dysplasia. Proc. Natl. Acad. Sci.
USA. 98, 7218-7223.
Chiang, C., Litingtung, Y., Lee, E., Young, K. E., Corden, J. L., Westphal, H., and Beachy, P. A. (1996)
Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene function. Nature 383,
407-413.
Chiang, C., Swan, R. Z., Grachtchouk, M., Bolinger, M., Litingtung, Robertson, E. K., Cooper, M. K.,
Gaffield, W., Westphal, H., Beachy, P. A. et al. (1999) Essential role for Sonic hedgehog during
hair follicle morphogenesis. Dev. Biol. 205, 1-9.
Chinnaiyan, A. M., O'Rourke, K., Yu, G. L., Lyons, R. H., Garg, M., Duan, D. R., Xing, L., Gentz, R.,
Ni, J., and Dixit, V. M. (1996) Signal transduction by DR3, a death domain-containing receptor
related to TNFR-1 and CD95. Science 274, 990-992.
Chuang, P. T. and McMahon, A. P. (1999) Vertebrate Hedgehog signalling modulated by induction of a
Hedgehog-binding protein.  Nature 397, 617-621.
Chuong C. M. (1998) Molecular Basis of Epithelial Appendage Morphogenesis. R.G. Landes Company,
Austin, Texas, USA.
Chuong, C. M., Patel, N., Lin, J., Jung, H. S., and Widelitz, R. B. (2000) Sonic hedgehog signaling
pathway in vertebrate epithelial appendage morphogenesis: perspectives in development and
evolution. Cellular & Molecular Life Sciences 57, 1672-1681.
Clark, A. M., Garland, K. K., and Russell, L. D. (2000) Desert hedgehog (Dhh) gene is required in the
mouse testis for formation of adult-type Leydig cells and normal development of peritubular cells
and seminiferous tubules. Biol. Reprod. 63, 1825-1838.
Cobourne, M. T., Hardcastle, Z., and Sharpe, P. T. (2001) Sonic hedgehog regulates epithelial
proliferation and cell survival in the developing tooth germ. J. Dent. Res. 80, 1974-1979.
Cobourne, M. T. and Sharpe, P. T. (2002) Expression and regulation of hedgehog-interacting protein during
early tooth development. Connect. Tissue Res. 43, 143-147.
Courtois, G., Smahi, A., Reichenbach, J., Doffinger, R., Cancrini, C., Bonnet, M., Puel, A., Chable-
Bessia, C., Yamaoka, S., Feinberg, J. et al. (2003) A hypermorphic IkappaBalpha mutation is
associated with autosomal dominant anhidrotic ectodermal dysplasia and T cell immunodeficiency.
J. Clin. Invest. 112, 1108-1115.
Cox, R. L., Stephens, R. E., and Reinisch, C. L. (2003) p63/73 homologues in surf clam: novel signaling
motifs and implications for control of expression. Gene 320, 49-58.
Cui, C. Y., Durmowicz, M., Tanaka, T. S., Hartung, A. J., Tezuka, T., Hashimoto, K., Ko, M. S. H.,
Srivastava, A. K., and Schlessinger, D.  (2002) EDA targets revealed by skin gene expression
profiles of wild-type, Tabby and Tabby EDA-A1 transgenic mice. Hum. Mol. Genet. 11, 1763-1773.
Darwin, C. (1875) The variation of animals and plants under domestication. Vol. II, pp. 319-John Murray,
London.
41
Dassule, H. R., Lewis, P., Bei, M., Maas, R., and McMahon, A. P. (2000) Sonic hedgehog regulates growth
and morphogenesis of the tooth. Development 127, 4775-4785.
Dassule, H. R. and McMahon, A. P. (1998) Analysis of epithelial-mesenchymal interactions in the initial
morphogenesis of the mammalian tooth. Dev. Biol. 202, 215-227.
De Moerlooze, L., Spencer-Dene, B., Revest, J., Hajihosseini, M., Rosewell, I., and Dickson, C. (2000)
An important role for the IIIb isoform of fibroblast growth factor receptor 2 (FGFR2) in
mesenchymal-epithelial signalling during mouse organogenesis. Development 127, 483-492.
Derynck, R. and Feng, X. H. (1997) TGF-beta receptor signaling. Biochim. Biophys. Acta 1333, F105-F150.
Donehower, L. A., Harvey, M., Slagle, B. L., McArthur, M. J., Montgomery, C. A. J., Butel, J. S., and
Bradley, A. (1992) Mice deficient for p53 are developmentally normal but susceptible to
spontaneous tumours. Nature 356, 215-221.
Drögemüller, C., Peters, M., Pohlenz, J., Distl, O., and Leeb, T. (2002) A single point mutation within the
ED1 gene disrupts correct splicing at two different splice sites and leads to anhidrotic ectodermal
dysplasia in cattle. J. Mol. Med. 80, 319-323.
Dudley, A. T., Lyons, K. M., and Robertson, E. J. (1995) A requirement for bone morphogenetic protein-7
during development of the mammalian kidney and eye. Genes Dev. 9, 2795-2807.
Duijf, P. H., van Bokhoven, H., and Brunner, H. G. (2003b) Pathogenesis of split-hand/split-foot
malformation. Hum. Mol. Genet. 12, R51-R60.
Duijf, P. H., Vanmolkot, K. R., Propping, P., Friedl, W., Krieger, E., McKeon, F., Dotsch, V., Brunner,
H. G., and van Bokhoven, H. (2002a) Gain-of-function mutation in ADULT syndrome reveals the
presence of a second transactivation domain in p63. Hum. Mol. Genet. 11, 799-804.
Dunn, S. M., Keough, R. A., Rogers, G. E., and Powell, B. C. (1998) Regulation of a hair follicle keratin
intermediate filament gene promoter. J. Cell Sci. 111, 3487-3496.
Durmowicz, M. C., Cui, C. Y., and Schlessinger, D. (2002) The EDA gene is a target of, but does not
regulate Wnt signaling. Gene 285, 203-211.
Döffinger, R., Smahi, A., Bessia, C., Geissmann, F., Feinberg, J., Durandy, A., Bodemer, C., Kenwrick,
S., Dupuis-Girod, S., Blanche, S. et al. (2001) X-linked anhidrotic ectodermal dysplasia with
immunodeficiency is caused by impaired NF-kappa B signaling. Nat. Genet. 27, 277-285.
Eby, M. T., Jasmin, A., Kumar, A., Sharma, K., and Chaudhary, P. M. (2000) TAJ, a novel member of
the tumor necrosis factor receptor family, activates the c-Jun N-terminal kinase pathway and
mediates caspase-independent cell death. J. Biol. Chem. 275, 15336-15342.
Echelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J., McMahon, J. A., and McMahon, A. P.
(1993) Sonic hedgehog, a member of a family of putative signaling molecules, is implicated in the
regulation of CNS polarity. Cell 75, 1417-1430.
Elomaa, O., Pulkkinen, K., Hannelius, U., Mikkola, M., Saarialho-Kere, U., and Kere, J. (2001)
Ectodysplasin is released by proteolytic shedding and binds to the EDAR protein. Hum. Mol. Genet.
10, 953-962.
Faham, S., Hileman, R. E., Fromm, J. R., Linhardt, R. J., and Rees, D. C. (1996) Heparin structure and
interactions with basic fibroblast growth factor. Science 271, 1116-1120.
Fata, J. E., Kong, Y. Y., Li, J., Sasaki, T., Irie-Sasaki, J., Moorehead, R. A., Elliott, R., Scully, S.,
Voura, E. B., Lacey, D. L. et al. (2000) The osteoclast differentiation factor osteoprotegerin-ligand
is essential for mammary gland development. Cell 103, 41-50.
Favier, B., Fliniaux, I., Thelu, J., Viallet, J. P., Demarchez, M., Jahoda, C. A., and Dhouailly, D. (2000)
Localisation of members of the notch system and the differentiation of vibrissa hair follicles:
receptors, ligands, and fringe modulators. Dev Dyn 218, 426-437.
Feldman, B., Poueymirou, W., Papaioannou, V. E., DeChiara, T. M., and Goldfarb, M. (1995)
Requirement of FGF-4 for postimplantation mouse development. Science 267, 246-249.
Ferguson, B. F., Brockdorff, N., Formstone, E., Ngyuen, T., Kronmiller, J. E., and Zonana, J. (1997)
Cloning of Tabby, the murine homolog of the human EDA gene – evidence for a mambrane
associated protein with a short collagenous domain. Hum. Mol. Genet. 6, 1589-1594.
Ferguson, C. A., Tucker, A. S., Christensen, L., Lau, A. L., Matzuk, M. M., and Sharpe, P. T. (1998)
Activin is an essential early mesenchymal signal in tooth development that is required for patterning
of the murine dentition. Genes Dev. 12, 2636-2649.
Filvaroff, E. and Derynck, R. (1998) Bone remodelling: a signalling system for osteoclast regulation. Curr.
Biol. 8, R679-R682.
Fleming, R. J., Gu, Y., and Hukriede, N. A. (1997) Serrate-mediated activation of Notch is specifically
blocked by the product of the gene fringe in the dorsal compartment of the Drosophila wing imaginal
disc. Development 124, 2973-2981.
Foitzik, K., Paus, R., Doetschman, T., and Dotto, P. (1999) The TGF-β2 isoform is both a required and
sufficient inducer of murine hair follicle morphogenesis. Dev. Biol. 212, 278-289.
42
Fomenkov, A., Huang, Y. P., Topaloglu, O., Brechman, A., Osada, M., Fomenkova, T., Yuriditsky, E.,
Trink, B., Sidransky, D., and Ratovitski, E. (2003) P63 alpha mutations lead to aberrant splicing
of keratinocyte growth factor receptor in the Hay-Wells syndrome. J. Biol. Chem. 278, 23906-23914.
Fortini, M. E. and Artavanis-Tsakonas, S. (1994) The suppressor of hairless protein participates in notch
receptor signaling. Cell 79, 273-282.
Fuchs, E. and Segre, J. A. (2000) Stem cells: a new lease on life. Cell 100, 143-155.
Gaide, O. and Schneider, P. (2003) Permanent correction of an inherited ectodermal dysplasia with
recombinant EDA. Nat. Med. 9, 614-618.
Gat, U., DasGupta, R., Degenstein, L., and Fuchs, E. (1998) De novo hair follicle morphogenesis and hair
tumors in mice expressing a truncated beta-catenin in skin. Cell 95, 605-614.
Graphical database at http://bite-it.helsinki.fi., Institute of Biotechnology, University of Helsinki, Finland.
Gilbert S.F. (2000) Developmental biology. Sinauer.
Givol, D. and Yayon, A. (1992) Complexity of FGF receptors: genetic basis for structural diversity and
functional specificity. FASEB J. 6, 3362-3369.
Gorlin R.J., Cohen M. M., and Lewin L. S. (1990) Syndromes of the Head and Neck. Oxford University
Press.
Gridley, T. (1997) Notch signaling in vertebrate development and disease. Mol Cell Neurosci  9, 103-108.
Gritli-Linde, A., Bei, M., Maas, R., Zhang, X. M., Linde, A., and McMahon, A. P. (2002) Shh signaling
within the dental epithelium is necessary for cell proliferation, growth and polarization. Development
129, 5323-5337.
Gritli-Linde, A., Lewis, P., McMahon, A. P., and Linde, A.  (2001). The whereabouts of a morphogen:
Direct eveidence for short- and graded long-range activity of Hedgehog signaling peptides. Dev.Biol.
236, 364-386.
Grobstein, C. (1955) Induction interaction in the development of the mouse metanephros. J. Exp. Zool. 130,
319-340.
Gronthos, S., Mankani, M., Brahim, J., Robey, P. G. and Shi, S. (2000) Postnatal human dental pulp stem
cells (DPSCs) in vitro and in vivo. Proc Nat Acad Sci USA 97, 13625-13630.
Gruss, H. J. and Dower, S. K. (1995) Tumor necrosis factor ligand superfamily: involvement in the
pathology of malignant lymphomas. Blood 85, 3378-3404.
Grüneberg, H. (1965) Genes and genotypes affecting the teeth of the mouse. J. Embryol. exp. Morph. 14,
137-159.
Grüneberg, H. (1966) The molars of the tabby mouse, and a test of the 'single-active X-chromosome'
hypothesis. J. Embryol. exp. Morph. 15, 223-244.
Grüneberg, H. (1971) The glandular aspects of the tabby syndrome in the mouse. J. Embryol. exp. Morph.
25, 1-19.
Guo, M., Jan, L. Y., and Jan, Y. N. (1996) Control of daughter cell fates during asymmetric division:
interaction of Numb and Notch. Neuron 17, 27-41.
Hammerschmidt, M., Brook, A., and McMahon, A. P. (1997) The world according to hedgehog. Trends
Genet. 13, 14-21.
Harada, H., Kettunen, P., Jung, H. S., Mustonen, T., Wang, Y. A., and Thesleff, I. (1999) Localization of
putative stem cells in dental epithelium and their association with Notch and FGF signaling. J. Cell
Biol. 147, 105-120.
Harada, H., Toyono, T., Toyoshima, K., Yamasaki, M., Itoh, N., Kato, S., Sekine, K., and Ohuchi, H.
(2002). FGF10 maintains stem cell compartment in developing mouse incisor. Development 129,
1533-1541.
Hardcastle, Z., Mo, R., Hui, C. C., and Sharpe, P. T. (1998) The Shh signalling pathway in tooth
development - defects in Gli2 and Gli3 mutants. Development 125, 2803-2811.
Hardy, M. H. (1969) The differentiation of hair follicles and hairs in organ culture. Advan. Biol. Skin 9, 35-
60.
Hardy, M. H. (1992) The secret life of the hair follicle. Trends Genet. 8, 55-61.
Hayashi, H., Abdollah, S., Qiu, Y., Cai, J., Xu, Y. Y., Grinnell, B. W., Richardson, M. A., Topper, J. N.,
Gimbrone, M. A. J., Wrana, J. L. et al. (1997) The MAD-related protein Smad7 associates with
the TGFbeta receptor and functions as an antagonist of TGFbeta signaling. Cell 89, 1165-1173.
He, W., Li, A. G., Wang, D., Han, S., Zheng, B., Goumans, M. J., ten Dijke, P., and Wang, X. J. (2002)
Overexpression of Smad7 results in severe pathological alterations in multiple epithelial tissues.
EMBO J. 21, 2580-2590.
Headon, D. J., Emmal, S. A., Ferguson, B. M., Tucker, A. S., Justice, M. J., Sharpe, P. T., Zonana, J.,
and Overbeek, P. A. (2001) Gene defect in ectodermal dysplasia implicates a death domain adapter
in development. Nature 414, 913-916.
43
Headon, D. J. and Overbeek, P. A. (1999) Involvement of a novel TNF receptor homologue in hair follicle
induction. Nat. Genet. 22, 370-374.
Hebert, J. M., Rosenquist, T., Gotz, J., and Martin, G.R. (1994) FGF5 as a regulator of the hair growth
cycle: evidence from targeted and spontaneous mutations. Cell 78, 1017-1025.
Heikinheimo, K., Bègue-Kirn, C., Ritvos, O., Tuuri, T., and Ruch, J. V. (1997) The activin-binding
protein follistatin is expressed in developing murine molar and induces odontoblast-like cell
differentiation in vitro. J Dent Res 76, 1625-1636.
Heldin, C. H., Miyazono, K., and ten Dijke, P. (1997) TGF-beta signalling from cell membrane to nucleus
through SMAD proteins. Nature 390, 465-471.
Hogan, B. L. (1999) Morphogenesis. Cell 96, 225-233.
Hsieh, J. C., Kodjabachian, L., Rebbert, M. L., Rattner, A., Smallwood, P. M., Samos, C. H., Nusse, R.,
Dawid, I. B., and Nathans, J. (1999) A new secreted protein that binds to Wnt proteins and inhibits
their activities. Nature 398, 431-436.
Hu, S., Tamada, K., Ni, J., Vincenz, C., and Chen, L. (1999) Characterization of TNFRSF19, a novel
member of the tumor necrosis factor receptor superfamily. Genomics 62, 103-107.
Huelsken, J. and Birchmeier, W. (2001) New aspects of Wnt signaling pathways in higher vertebrates.
Curr. Opin. Genet Dev 11, 547-553.
Huelsken, J., Vogel, R., Erdmann, B., Cotsarelis, G., and Birchmeier, W. (2001) β-catenin controls hair
follicle morphogenesis and stem cell differentiation in the skin. Cell 105, 533-545.
Ianakiev, P., Kilpatrick, M. W., Toudjarska, I., Basel, D., Beighton, P., and Tsipouras, P. (2000) Split-
hand/split-foot malformation is caused by mutations in the p63 gene on 3q27. Am. J. Hum. Genet. 67,
59-66.
Imamura, T., Takase, M., Nishihara, A., Oeda, E., Hanai, J., Kawabata, M., and Miyazono, K. (1997)
Smad6 inhibits signalling by the TGF-beta superfamily. Nature 389, 622-626.
Ingham, P. W. (1998) Transducing Hedgehog: the story so far. EMBO J. 17, 3505-3511.
Ingham, P. W. and McMahon, A. P. (2001) Hedgehog signaling in animal development: paradigms and
principles. Genes Dev. 15, 3059-3087.
Inoue, J., Ishida, T., Tsukamoto, N., Kobayashi, N., Naito, A., Azuma, S., and Yamamoto, T. (2000)
Tumor necrosis factor receptor-associated factor (TRAF) family: adapter proteins that mediate
cytokine signaling. Exp. Cell Res. 254, 14-24.
Irvine, K. D. and Vogt, T. F. (1997) Dorsal-ventral signaling in limb development. Curr Opin Cell Biol 9,
867-876.
Iseki, S., Araga, A., Ohuchi, H., Nohno, T., Yoshioka, H., Hayashi, F., and Noji, S. (1996) Sonic
hedgehog is expressed in epithelial cells during development of whisker, hair, and tooth. Biochem
Biophys Res Commun 218, 688-693.
Jernvall, J., Keränen, S. V., and Thesleff, I. (2000) Evolutionary modification of development in
mammalian teeth: quantifying gene expression patterns and topography. Proc. Natl. Acad. Sci. USA
97, 14444-14448.
Jernvall, J., Kettunen, P., Karavanova, I., Martin, L. B., and Thesleff, I. (1994) Evidence for the role of
the enamel knot as a control center in mammalian tooth cusp formation: non-dividing cells express
growth stimulating Fgf-4 gene. Int. J. Dev. Biol. 38, 463-469.
Jernvall, J. and Thesleff, I. (2000) Reiterative signaling and patterning during mammalian tooth
morphogenesis. Mech. Dev. 92, 19-29.
Jernvall, J., Åberg, T., Kettunen, P., Keränen, S., and Thesleff, I. (1998) The life history of an embryonic
signaling center: BMP-4 induces p21 and is associated with apoptosis in the mouse tooth enamel
knot. Development 125, 161-169.
Jung, H. S., Francis-West, P. H., Widelitz, R. B., Jiang, T. X., Ting-Berreth, S., Tickle, C., Wolpert, L.,
and Chuong, C. M. (1998) Local inhibitory action of BMPs and their relationships with activators in
feather formation: implications for periodic patterning. Dev. Biol. 196, 11-23.
Kantaputra, P. N., Hamada, T., Kumchai, T., and McGrath, J. A. (2003) Heterozygous mutation in the
SAM domain of p63 underlies Rapp-Hodgkin ectodermal dysplasia. J. Dent. Res. 82, 433-437.
Karlsson, L., Bondjers, C., and Betsholtz, C. (1999) Roles for PDGF-A and sonic hedgehog in
development of mesenchymal components of the hair follicle. Development 126, 2611-2621.
Karsenty, G. (1998) Genetics of skeletogenesis. Dev. Genet. 22, 301-313.
Kaufman, C. K. and Fuchs, E. (2000) It's got you covered. NF-kappaB in the epidermis. J. Cell Biol. 149,
999-1004.
Kere, J. and Elomaa, O. (2002) Healing a natural knockout of epithelial organogenesis. Trends Mol. Med. 8,
197-200.
44
Kere, J., Srivastava, A. K., Montonen, O., Zonana, J., Thomas, N., Ferguson, B., Munoz, F., Morgan,
D., Clarke, A., Baybayan, P. et al. (1996) X-linked anhidrotic (hypohidrotic) ectodermal dysplasia
is caused by mutation in a novel transmembrane protein. Nat. Genet. 13, 409-416.
Keränen, S. V., Åberg, T., Kettunen, P., Thesleff, I., and Jernvall, J. (1998) Association of developmental
regulatory genes with the development of different molar tooth shapes in two species of rodents.
Dev. Genes Evol. 208, 477-486.
Kettunen, P., Karavanova, I., and Thesleff, I. (1998) Responsiveness of developing dental tissues to
fibroblast growth factors - expression of splicing alternatives of FGFR1, -2, -3, and of FGFR4 - and
stimulation of cell proliferation by FGF-2, -4, -8, and -9. Dev. Genet. 22, 374-385.
Kettunen, P., Laurikkala, J., Itäranta, P., Vainio, S., Itoh, N., and Thesleff, I. (2000) Associations of
FGF-3 and FGF-10 with signaling networks regulating tooth morphogenesis. Dev. Dyn.  219, 322-
332.
Kettunen, P. and Thesleff, I. (1998) Expression and function of FGFs-4, -8, and -9 suggest functional
redundancy and repetitive use as epithelial signals during tooth morphogenesis. Dev. Dyn.  211, 256-
268.
Kishimoto, J., Burgeson, R. E., and Morgan, B. A. (2000) Wnt signaling maintains the hair-inducing
activity of the dermal papilla. Genes Dev. 14, 1181-1185.
Kaufman, C. K., Zhou, P., Pasolli, H. A., Rendl, M., Bolotin, D., Lim, K.C., Dai, X., Alegre, M.L., and
Fuchs, E. (2003) GATA-3: an unexpected regulator of cell lineage determination of skin. Genes
Dev. 17, 2108-2122.
Kobielak, K., Kobielak, A., Limon, J., and Trzeciak, W. H.  (1998) Mutation in the regulatory region of
the EDA gene coincides with the symptoms of anhidrotic ectodermal dysplasia. Acta Biochim. Pol.
45, 245-250.
Kobielak, K., Pasolli, H. A., Alonso, L., Polak, L., and Fuchs, E. (2003) Defining BMP functions in the
hair follicle by conditional ablation of BMP receptor IA. J. Cell Biol. 163, 609-623.
Kojika, S. and Griffin, J. D. (2001) Notch receptors and hematopoiesis. Exp. Hematol. 29, 1041-1052.
Kojima, T., Morikawa, Y., Copeland, N. G., Gilbert, D. J., Jenkins, N.A., Senba, E., and Kitamura, Y.
(2000) TROY, a newly identified member of the tumor necrosis factor receptor superfamily, exhibits
a homology with Edar and is expressed in embryonic skin and hair follicles. J. Biol. Chem. 275,
20742-20747.
Kondo, S., Kuwahara, Y., Kondo, M., Naruse, K., Mitani, H., Wakamatsu, Y., Ozato, K., Asakawa, S.,
Shimizu, N., and Shima, A. (2001) The medaka rs-3 locus required for scale development encodes
ectodysplasin-A receptor. Curr. Biol. 11, 1202-1206.
Kopan, R. and Fuchs, E. (1989) A new look into an old problem: keratins as tools to investigate
determination, morphogenesis, and differentiation in skin. Genes Dev. 3, 1-15.
Kopan, R. and Weintraub, H. (1993) Mouse notch: expression in hair follicles correlates with cell fate
determination. J. Cell Biol. 121, 631-641.
Koster, M. I., Kim, S., Mills, A. A., DeMayo, F. J., and Roop, D. R. (2004) p63 is the molecular switch for
initiation of an epithelial stratification program. Genes Dev. 18, 126-131.
Kratochwil, K., Dull, M., Fariñas, I., Galceran, J., and Grosschedl, R. (1996) Lef1 expression is activated
by BMP-4 and regulates inductive tissue interactions in tooth and hair development. Genes Dev. 10,
1382-1394.
Kratochwil, K., Galceran, J., Tontsch, S., Roth, W., and Grosschedl, R. (2002) FGF4, a direct target of
LEF1 and Wnt signaling, can rescue the arrest of tooth organogenesis in Lef1(-/-) mice. Genes Dev.
16, 3173-3185.
Krauss, S., Concordet, J. P., and Ingham, P. W. (1993) A functionally conserved homolog of the
Drosophila segment polarity gene hh is expressed in tissues with polarizing activity in zebrafish
embryos. Cell 75, 1431-1444.
Kumar, A., Eby, M. T., Sinha, S., Jasmin, A., and Chaudhary, P. M. (2001) Ectodermal dysplasia
receptor activates the nuclear factor κB, c-Jun N-terminal kinase and cell death pathways and binds
to ectodysplasin-A. J. Biol. Chem. 276, 2668-2677.
Lamartine, J., Munhoz, E. G., Kibar, Z., Lanneluc, I., Callouet, E., Laoudj, D., Lemaitre, G., Hand, C.,
Hayflick, S. J., Zonana, J. et al. (2000) Mutations in GJB6 cause hidrotic ectodermal dysplasia.
Nat. Genet. 26, 142-144.
Lammi, L., Arte, S., Somer, M., Järvinen, H., Lahermo, P., Thesleff, I, Pirinen, S., and Nieminen, P.
(2004). Mutations in AXIN2 cause familial tooth agenesis and predispose to colorectal cancer.
Am.J.Hum.Genet. 74, 1043-1050.
Laurikkala, J., Kassai, Y., Pakkasjarvi, L., Thesleff, I., and Itoh, N. (2003) Identification of a secreted
BMP antagonist, ectodin, integrating BMP, FGF, and SHH signals from the tooth enamel knot. Dev.
Biol. 264, 91-105.
45
Lee, H. and Kimelman, D. (2002) A dominant-negative form of p63 is required for epidermal proliferation
in zebrafish. Dev. Cell 2, 607-616.
Lewis, J. (1998) Notch signalling and the control of cell fate choices in vertebrates. Semin Cell Dev Biol 9,
583-589.
Lin, M. H., Leimeister, C., Gessler, M., and Kopan, R. (2000) Activation of the Notch pathway in the hair
cortex leads to aberrant differentiation of the adjacent hair-shaft layers. Development 127, 2421-
2432.
Locksley, R. M., Killeen, N., and Lenardo, M. J. (2001) The TNF and TNF receptor superfamilies:
Integrating mammalian biology. Cell 104, 487-501.
Lowell, S., Jones, P., Le Roux, I., Dunne, J., and Watt, F. M. (2000) Stimulation of human epidermal
differentiation by delta-notch signalling at the boundaries of stem-cell clusters. Curr. Biol. 10, 491-
500.
Lu, P., Barad, M., and Vize, P. D. (2001) Xenopus p63 expression in early ectoderm and neurectoderm.
Mech. Dev.  102, 275-278.
Lustig, B., and Behrens J. (2003) The Wnt signaling pathway and its role in tumor development. J Cancer
Res. Clin. Oncol. 129, 199-221.
Lumsden, A. G. (1988) Spatial organization of the epithelium and the role of neural crest cells in the
initiation of the mammalian tooth germ. Development. 103, 155-169.
Luo, G., Hofmann, C., Bronckers, A. L., Sohocki, M., Bradley, A., and Karsenty, G. (1995) BMP-7 is an
inducer of nephrogenesis, and is also required for eye development and skeletal patterning. Genes
Dev. 9, 2808-2820.
Lyons, C. M. and Hogan, B. L. M. (1990) Organogenesis and pattern formation in the mouse: RNA
distribution patterns suggest a role for bone morphogenetic protein - 2A (BMP-2A). Development
109, 833-844.
Mann, S. J. (1962) Prenatal formation of hair follicle types. Anat. Rec. 144, 135-141.
Martin, G. R. (1998) The roles of FGFs in the early development of vertebrate limbs. Genes Dev. 12, 1571-
1586.
Massague, J. (1998) TGF-beta signal transduction. Annu. Rev. Biochem. 67, 753-791.
Massague, J. and Chen, Y. G. (2000) Controlling TGF-beta signaling. Genes Dev. 14, 627-644.
Matzuk, M. M., Kumar, T. R., and Bradley, A. (1995a) Different phenotypes for mice deficient in either
activins or activin receptor type II. Nature 374, 356-360.
Matzuk, M. M., Kumar, T. R., Vassalli, A., Bickenbach, J. R., Roop, D. R., Jaenisch, R., and Bradley,
A. (1995b) Functional analysis of activins during mammalian development. Nature 374, 354-356.
Matzuk, M. M., Lu, N., Vogel, H., Sellheyer, K., Roop, D. R., Bradley, and A. (1995c) Multiple defects
and perinatal death in mice deficient in follistatin. Nature 374, 360-363.
McLean, W. H., Rugg, E. L., Lunny, D. P., Morley, S. M., Lane, E. B., Swensson, O., Dopping-
Hepenstal, P. J., Griffiths, W. A., Eady, R. A., and Higgins, C. (1995) Keratin 16 and keratin 17
mutations cause pachyonychia congenita. Nat. Genet. 9, 273-278.
McElwee, K. and Hoffmann, R. (2000) Growth factors in early hair follicle morphogenesis. European
Journal of Dermatology 10, 341-350.
McGrath, J. A., McMillan, J. R., Shemanko, C. S., Runswick, S.K., Leigh, I.M., Lane, E. B., Garrod, D.
R., and Eady, R. A. J. (1997) Mutations in the plakophilin 1 gene result in ectodermal
dysplasia/skin fragility syndrome. Nat. Genet. 17, 240-244.
McGrath, J. A., Duijf, P. H., Doetsch, V., Irvine, A. D., de Waal, R., Vanmolkot, K. R., Wessagowit, V.,
Kelly, A., Atherton, D. J., Griffiths, W. A. et al. (2001) Hay-Wells syndrome is caused by
heterozygous missense mutations in the SAM domain of p63. Hum. Mol. Genet. 10, 221-229.
McMahon, A. P. (2000) More surprises in the Hedgehog signaling pathway. Cell 100, 185-188.
McMahon, J. A., Takada, S., Zimmerman, L. B., Fan, C. M., Harland, R. M., and McMahon, A. P.
(1998) Noggin-mediated antagonism of BMP signaling is required for growth and patterning of the
neural tube and somite. Genes Dev. 12, 1438-1452.
Meyers, E. N., Lewandoski, M., and Martin, G. R. (1998) An Fgf8 mutant allelic series generated by Cre-
and Flp-mediated recombination. Nat. Genet. 18, 136-141.
Mikkola, M. L., Pispa, J., Pekkanen, M., Paulin, L., Nieminen, P., Kere, J., and Thesleff, I. (1999)
Ectodysplasin, a protein required for epithelial morphogenesis, is a novel TNF homologue and
promotes cell-matrix adhesion. Mech. Dev. 88, 133-146.
Mikkola, M. L. and Thesleff, I. (2003) Ectodysplasin signaling in development. Cytokine Growth Factor
Rev. 14, 211-224.
Millar, S. E. (2002) Molecular mechanisms regulating hair follicle development. J. Invest. Dermatol. 118,
216-225.
46
Millar, S. E. K., Koyama, E., Reddy, S. T., Andl, T., Gaddapara, T., Piddington, R., and Gibson, C. W.
(2003) Over- and ectopic expression of Wnt3 causes progressive loss of ameloblasts in postnatal
mouse incisor teeth. Connect. Tissue Res. 44, 124-129.
Miller, J. R., Hocking, A. M., Brown, J. D., and Moon, R. T. (1999) Mechanism and function of signal
transduction by the Wnt/beta-catenin and Wnt/Ca2+ pathways. Oncogene 18, 7860-7872.
Mills, A. A., Zheng, B. H., Wang, X. J., Vogel, H., Roop, D. R., and Bradley, A. (1999) p63 is a p53
homologue required for limb and epidermal morphogenesis. Nature 398, 708-713.
Min, H., Danilenko, D. M., Scully, S. A., Bolon, B., Ring, B. D., Tarpley, J. E., DeRose, M., and Simonet,
W. S. (1998) Fgf-10 is required for both limb and lung development and exhibits striking functional
similarity to Drosophila branchless. Genes Dev. 12, 3156-3161.
Mina, M. and Kollar, E. J. (1987) The induction of odontogenesis in non-dental mesenchyme combined
with early murine mandibular arch epithelium. Arch. Oral. Biol. 32, 123-127.
Ming, J. E., Roessler, E., and Muenke, M. (1998) Human developmental disorders and the Sonic hedgehog
pathway. Molecular Medicine Today 4, 343-349.
Mitsiadis, T., Lardelli, M., Lendahl, U., and Thesleff, I.  (1995) Expression of Notch 1, 2 and 3 is regulated
by epithelial- mesenchymal interactions and retinoic acid in the developing mouse tooth and
associated with determination of ameloblast cell fate. J Cell Biol 130, 407-418.
Mitsiadis, T. A., Henrique, D., Thesleff, I., and Lendahl, U. (1997) Mouse Serrate-1 (Jagged-1): expression
in the developing tooth is regulated by epithelial-mesenchymal interactions and fibroblast growth
factor-4. Development 124, 1473-1483.
Mitsiadis TA, Cheraud Y, Sharpe P, Fontaine-Perus J. (2003) Development of teeth in chick embryos
after mouse neural crest transplantations. Proc. Natl. Acad. Sci. USA. 100, 6541-6545.
Miyazono, K. (2000) TGF-beta signaling by Smad proteins. Cytokine Growth Factor Rev. 11, 15-22.
Monreal, A. W., Ferguson, B. M., Headon, D. J., Street, S. L., Overbeek, P. A., and Zonana, J. (1999)
Mutations in the human homologue of mouse dl cause autosomal recessive and dominant
hypohidrotic ectodermal dysplasia. Nat. Genet. 22, 366-369.
Monreal, A. W., Zonana, J., and Ferguson, B. (1998) Identification of a new splice form of the EDA1 gene
permits detection of nearly all X-linked hypohidrotic ectodermal dysplasia mutations. Am. J. Hum.
Genet. 63, 380-389.
Montonen, O., Ezer, S., Saarialho-Kere, U. K., Herva, R., Karjalainen-Lindsberg, M. L., Kaitila, I.,
Schlessinger, D., Srivastava, A. K., Thesleff, I., and Kere, J. (1998) The gene defective in
anhidrotic ectodermal dysplasia is expressed in the developing epithelium, neuroectoderm, thymus,
and bone. J. Histochem. Cytochem. 46, 281-289.
Mouse Genome Database (MGD), Mouse Genome Informatics Website, The Jackson Laboratory, Bar
Harbor, Maine. World Wide Web (URL: http://www.informatics.jax.org).
Mucchielli, M. L., Mitsiadis, T. A., Raffo, S., Brunet, J. F., Proust, J. P., and Goridis, C. (1997) Mouse
Otlx2/RIEG expression in the odontogenic epithelium precedes tooth initiation and requires
mesenchyme-derived signals for its maintenance. Dev. Biol. 189, 275-284.
Munoz, F., Lestringant, G., Sybert, V., Frydman, M., Alswaini, A., Frossard, P. M., Jorgenson, R., and
Zonana, J. (1997) Definitive evidence for an autosomal recessive form of hypohidrotic ectodermal
dysplasia clinically indistinguishable from the more common X-linked disorder. Am. J. Hum. Genet.
61, 94-100.
Mustonen, T., Pispa, J., Mikkola, M. L., Pummila, M., Kangas, A. T., Jaatinen, R., and Thesleff, I.
(2003) Stimulation of ectodermal organ development by ectodysplasin-A1. Dev. Biol. 259, 123-136.
Mustonen, T., Tummers, M., Mikami, T., Itoh, N., Zhang, N., Gridley, T., and Thesleff, I. (2002) Lunatic
fringe, FGF, and BMP regulate the Notch pathway during epithelial morphogenesis of teeth. Dev.
Biol. 248, 281-293.
Nakamura, M., Matzuk, M. M., Gerstmayer, B., Bosio, A., Lauster, R., Miyachi, Y., Werner, S., and
Paus, R. (2003) Control of pelage hair follicle development and cycling by complex interactions
between follistatin and activin. FASEB J. 17, 497-499.
Nickoloff, B. J., Qin, J. Z., Chaturvedi, V., Denning, M. F., Bonish, B., and Miele, L. (2002) Jagged-1
mediated activation of notch signaling induces complete maturation of human keratinocytes through
NF-kappaB and PPARgamma. Cell Death & Differentiation 9, 842-855.
Niehrs, C. (2001) Developmental biology. Solving a sticky problem. Nature 413, 787-788.
Niemann, C., Owens, D. M., Hulsken, J., Birchmeier, W., and Watt, F. M. (2002) Expression of ∆NLef1
in mouse epidermis results in differentiation of hair follicles into squamous epidermal cysts and
formation of skin tumours. Development 129, 95-109.
Niswander, L. and Martin, G. R. (1992) Fgf-4 expression during gastrulation, myogenesis, limb and tooth
development in the mouse. Development 114, 755-768.
47
Noramly, S., Freeman, A., and Morgan, B. A. (1999) β-catenin signaling can initiate feather bud
development. Development 126, 3509-3521.
Nusslein-Volhard, C. and Wieschaus, E. (1980) Mutations affecting segment number and polarity in
Drosophila. Nature 287, 795-801.
Okamura, R. M., Sigvardsson, M., Galceran, J., Verbeek, S., Clevers, H., and Grosschedl (1998)
Redundant regulation of T cell differentiation and TCRalpha gene expression by the transcription
factors LEF-1 and TCF-1. Immunity 8, 11-20.
Olivera-Martinez, I., Thelu, J., Teillet, M. A., and Dhouailly, D. (2001) Dorsal dermis development
depends on a signal from the dorsal neural tube, which can be substituted by Wnt-1. Mech. Dev. 100,
233-244.
Onichtchouk, D., Chen, Y. G., Dosch, R., Gawantka, V., Delius, H., Massague, J., and Niehrs, C. (1999)
Silencing of TGF-beta signalling by the pseudoreceptor BAMBI. Nature 401, 480-485.
Ornitz, D. and Itoh, N. (2001) Fibroblast growth factors. Genome Biology 2, 3005.1-3005.12.
Ornitz, D. M. (2000) FGFs, heparan sulfate and FGFRs: complex interactions essential for development.
Bioessays 22, 108-112.
Oro, A. E. and Scott, M. P. (1998) Splitting hairs: dissecting roles of signaling systems in epidermal
development. Cell 95, 575-578.
Patturajan, M., Nomoto, S., Sommer, M., Fomenkov, A., Hibi, K., Zangen, R., Poliak, N., Califano, J.,
Trink, B., Ratovitski, E. et al. (2002) DeltaNp63 induces beta-catenin nuclear accumulation and
signaling. Cancer Cell 1, 369-379.
Pellegrini, G., Dellambra, E., Golisano, O., Martinelli, E., Fantozzi, I., Bondanza, S., Ponzin, D.,
McKeon, F., and De Luca, M. (2001) p63 identifies keratinocyte stem cells. Proc. Natl. Acad. Sci.
USA. 98, 3156-3161.
Peterkova, R., Peterka, M., Viriot, L., and Lesot, H. (2000) Dentition development and budding
morphogenesis. Journal of Craniofacial Genetics & Developmental Biology 20, 158-172.
Peters, H., Neubüser, A., Kratochwil, K., and Balling, R. (1998) Pax9-deficient mice lack pharyngeal
pouch derivatives and teeth and exhibit craniofacial and limb abnormalities. Genes Dev. 12, 2735-
2747.
Petiot, A., Conti, F. J., Grose, R., Revest, J. M., and Dickson, C. (2003) A crucial role for Fgfr2-IIIb
signalling in epidermal development and hair follicle patterning. Development 130, 5493-5501.
Piccolo, S., Agius, E., Leyns, L., Bhattacharyya, S., Grunz, H., Bouwmeester, T., and De Robertis, E. M.
(1999) The head inducer Cerberus is a multifunctional antagonist of Nodal, BMP and Wnt signals.
Nature 397, 707-710.
Pinheiro, M. and Freire-Maia, N. (1994) Ectodermal dysplasias: a clinical classification and a causal
review. Am. J. Med. Genet. 53, 153-162.
Pispa, J., Jung, H. S., Jernvall, J., Kettunen, P., Mustonen, T., Tabata, M. J., Kere, J., and Thesleff, I.
(1999) Cusp patterning defect in Tabby mouse teeth and its partial rescue by FGF. Dev. Biol. 216,
521-534.
Pispa, J., Mikkola, M. L., Mustonen, T., and Thesleff, I. (2003) Ectodysplasin, Edar and TNFRSF19 are
expressed in complementary and overlapping patterns during mouse embryogenesis. Gene Expr
Patterns  3, 675-679.
Pispa, J. and Thesleff, I. (2003) Mechanisms of ectodermal organogenesis. Dev. Biol. 262, 195-205.
Pispa, J. (2004) Ectodysplasin in epithelial morphogenesis: from Tabby to TNFs. Thesis. Helsinki:
University of Helsinki.
Powell, B. C., Passmore, E. A., Nesci, A., and Dunn, S. M.  (1998) The Notch signalling pathway in hair
growth. Mech. Dev. 78, 189-192.
Priolo, M. and Lagana, C. (2001) Ectodermal dysplasias: a new clinical-genetic classification. J. Med.
Genet. 38, 579-585.
Pääkkönen, K., Cambiaghi, S., Novelli, G., Ouzts, L. V., Penttinen, M., Kere, J., and Srivastava, A. K.
(2001) The mutation spectrum of the EDA gene in X-linked anhidrotic ectodermal dysplasia. Hum.
Mutat. 17, 349.
Raftery, L. A. and Sutherland, D. J. (1999) TGF-beta family signal transduction in Drosophila
development: from Mad to Smads. Dev. Biol. 210, 251-268.
Rangarajan, A., Talora, C., Okuyama, R., Nicolas, M., Mammucari, C., Oh, H., Aster, J. C., Krishna,
S., Metzger, D., Chambon, P. et al. (2001) Notch signaling is a direct determinant of keratinocyte
growth arrest and entry into differentiation. EMBO J. 20, 3427-3436.
Rebay, I., Fleming, R. J., Fehon, R. G., Cherbas, L., Cherbas, P., and Artavanis-Tsakonas, S. (1991)
Specific EGF repeats of Notch mediate interactions with Delta and Serrate: implications for Notch as
a multifunctional receptor. Cell 67, 687-699.
48
Reddy, S., Andl, T., Bagasra, A., Lu, M. M., Epstein, D. J., Morrisey, E. E., and Millar, S. E. (2001)
Characterization of Wnt gene expression in developing and postnatal hair follicles and identification
of Wnt5a as a target of Sonic hedgehog in hair follicle morphogenesis. Mech. Dev. 107, 69-82.
Rentzsch, F., Kramer, C., and Hammerschmidt, M. (2003) Specific and conserved roles of TAp63 during
zebrafish development. Gene 323, 19-30.
Riddle, R. D., Johnson, R. L., Laufer, E., and Tabin, C. (1993) Sonic hedgehog mediates the polarizing
activity of the ZPA. Cell 75, 1401-1416.
Roelfsema, N. M. and Cobben, J. M. (1996) The EEC syndrome: a literature study. Clin. Dysmorph. 5, 115-
127.
Rogers, S., Wells, R., and Rechsteiner, M. (1986) Amino acid sequences common to rapidly degraded
proteins: the PEST hypothesis. Science 234, 364-368.
Rosenquist, T.A. and Martin, G.R. (1996) Fibroblast growth factor signalling in the hair growth cycle:
expression of the fibroblast growth factor receptor and ligand genes in the murine hair follicle. Dev
Dyn 205, 379-386.
Sarkar, L., Cobourne, M., Naylor, S., Smalley, M., Dale, T., and Sharpe, P. T. (2000) Wnt/Shh
interactions regulate ectodermal boundary formation during mammalian tooth development. Proc.
Natl. Acad. Sci. USA. 97, 4520-4524.
Sarkar, L. and Sharpe, P. T. (1999) Expression of Wnt signalling pathway genes during tooth development.
Mech. Dev. 85, 197-200.
Sarkar, L. and Sharpe, P. T. (2000) Inhibition of Wnt signaling by exogenous Mfrzb1 protein affects molar
tooth size. J. Dent. Res. 79, 920-925.
Sasai, Y., Lu, B., Steinbeisser, H., and De Robertis, E. M. (1995) Regulation of neural induction by the
Chd and Bmp-4 antagonistic patterning signals in Xenopus. Nature 376, 333-336.
Sasaki, Y., Ishida, S., Morimoto, I., Yamashita, T., Kojima, T., Kihara, C., Tanaka, T., Imai, K.,
Nakamura, Y., and Tokino, T. (2002) The p53 family member genes are involved in the Notch
signal pathway.  J. Biol. Chem. 277, 719-724.
Satokata, I. and Maas, R. (1994) Msx1 deficient mice exhibit cleft palate and abnormalities of craniofacial
and tooth development. Nat. Genet. 6, 348-356.
Schmidt-Ullrich, R., Aebischer, T., Hulsken, J., Birchmeier, W., Klemm, U., and Scheidereit, C. (2001)
Requirement of NF-kappaB/Rel for the development of hair follicles and other epidermal
appendices. Development 128, 3843-3853.
Schneider, P., Street, S. L., Gaide, O., Hertig, S., Tardivel, A., Tschopp, J., Runkel, L., Alevizopoulos,
K., Ferguson, B. M., and Zonana, J. (2001) Mutations leading to X-linked hypohidrotic ectodermal
dysplasia affect three major functional domains in the tumor necrosis factor family member
ectodysplasin-A. J. Biol. Chem. 276, 18819-18827.
Seidensticker, M. J. and Behrens, J. (2000) Biochemical interactions in the wnt pathway. Biochim. Biophys.
Acta 1495, 168-182.
Sekine, K., Ohuchi, H., Fujiwara, M., Yamasaki, M., Yoshizawa, T., Sato, T., Yagishita, N., Matsui, D.,
Koga, Y., Itoh, N. et al. (1999) Fgf10 is essential for limb and lung formation. Nat. Genet. 21, 138-
141.
Selheyer, K., Bickenbach, J. R., Rothnagel, J. A et al. (1993) Inhibition of skin development by
overexpression of transforming growth factor beta-1 in the epidermis of transgenic mice. Proc Natl
Acad Sci USA 90, 5237-.
Sheldahl, L. C., Park, M., Malbon, C. C., and Moon, R. T. (1999) Protein kinase C is differentially
stimulated by Wnt and Frizzled homologs in a G-protein-dependent manner. Curr. Biol. 9, 695-698.
Singer, S. J. (1990) The structure and insertion of integral proteins in membranes. Annu. Rev. Cell. Biol. 6,
247-296.
Smahi, A., Courtois, G., Vabres, P., Yamaoka, S., Heuertz, S., Munnich, A., Israel, A., Heiss, N. S.,
Klauck, S. M., Kioschis, P. et al. (2000) Genomic rearrangement in NEMO impairs NF-kappaB
activation and is a cause of incontinentia pigmenti. The International Incontinentia Pigmenti (IP)
Consortium. Nature 405, 466-472.
Smith, F. J., Jonkman, M. F., van Goor, H., Coleman, C. M., Covello, S. P., Uitto, J., and McLean, W.
H. (1998) A mutation in human keratin K6b produces a phenocopy of the K17 disorder
pachyonychia congenita type 2. Hum. Mol. Genet. 7, 1143-1148.
Sofaer, J. A. (1973) Hair follicle initiation in reciprocal recombinations of downless homozygote and
heterozygote mouse tail epidermis and dermis. Dev. Biol. 34, 289-296.
Srivastava, A. K., Pispa, J., Hartung, A. J., Du, Y., Ezer, S., Jenks, T., Shimada, T., Pekkanen, M.,
Mikkola, M. L., Ko, M. S. H. et al. (1997) The Tabby phenotype is caused by mutation in a mouse
homologue of the EDA gene that reveals novel mouse and human exons and encodes a protein
(ectodysplasin-A) with collagenous domains. Proc. Natl. Acad. Sci. U.S.A. 94, 13069-13074.
49
Srivastava, A. K., Durmowicz, M. C., Hartung, A. J., Hudson, J., Ouzts, L. V., Donovan, D. M., Cui, C.-
Y., and Schlessinger, D. (2001) Ectodysplasin-A1 is sufficient to rescue both hair growth and sweat
glands in Tabby mice. Hum. Mol. Genet. 26, 2973-2981.
Stjacques, B., Dassule, H. R., Karavanova, I., Botchkarev, V. A., Li, J., Danielian, PS, McMahon, J. A.,
Lewis, P. M., Paus, R. et al. (1998) Sonic hedgehog signaling is essential for hair development.
Curr. Biol. 8, 1058-1068.
Sundberg J.P. (1994) Handbook of mouse mutations with skin and hair abnormalities. CRC Press, Boca
Raton.
Suzuki, K., Hu, D., Bustos, T., Zlotogora, J., Richieri-Costa, A., Helms, J. A., and Spritz, R. A. (2000)
Mutations of PVRL1, encoding a cell-cell adhesion molecule/herpesvirus receptor, in cleft lip/palate-
ectodermal dysplasia. Nat. Genet. 25, 427-430.
Suzuki, K., Yamanishi, K., Mori, O., Kamikawa, M., Andersen, B., Kato, S., Toyoda, T. and Yamada,
G. (2000) Defective terminal diffrentiation and hypoplasia of the epidermis in mice lacking the
Fgf10 gene. FEBS Lett. 481, 53-56.
Szebenyi, G. and Fallon, J. F. (1999) Fibroblast Growth Factors as Multifunctional Signaling Factors. Int.
Rev. Cytol. 185, 45-106.
Tao, H., Yoshimoto, Y., Yoshioka, H., Nohno, T., Noji, S., and Ohuchi, H. (2002) FGF10 is a
mesenchymally derived stimulator for epidermal development in the chick embryonic skin. Mech.
Dev. 116, 39-49.
Thesleff, I. and Pirinen, S. (2004) Genetics of Dental Anomalies. In "Encyclopedia of the Human Genome.
Thesleff, I. (1995) Tooth morphogenesis. Advances in Dental Research 9, 12-12.
Thesleff, I. and Mikkola, M. L. (2002) Death receptor signaling giving life to ectodermal organs.
Thesleff, I. and Mikkola, M. L. (2002) The role of growth factors in tooth development. Int. Rev. Cytol. 217,
93-135.
Thesleff, I. and Nieminen, P. (2001) Tooth induction. In “Encyclopedia of Life sciences” at els. net. Nature
Publishing Group, Macmillan Publishers Ltd. Electronic citation.
Thomas, B. L., Liu, J. K., Rubenstein, J. L., and Sharpe, P. T. (2000) Independent regulation of Dlx2
expression in the epithelium and mesenchyme of the first branchial arch. Development 127, 217-224.
Threadgill, D. W., Dlugosz, A.A., Hansen, L.A. et al. (1995) Targeted disruption of mouse EGF receptor:
Effetcs of genetic background on mutant phenotype. Science 269, 230-237.
Trumpp, A., Depew, M. J., Rubenstein, J. L., Bishop, J. M., and Martin, G. R. (1999) Cre-mediated gene
inactivation demonstrates that FGF8 is required for cell survival and patterning of the first branchial
arch. Genes Dev. 13, 3136-3148.
Tucker, A. S., Headon, D. J., Schneider, P., Ferguson, B. M., Overbeek, P., Tschopp, J., and Sharpe, P.
T. (2000) Edar/Eda interactions regulate enamel knot formation in tooth morphogenesis.
Development 127, 4691-4700.
Tucker, A. S., Matthews, K. L., and Sharpe, P. T. (1998) Transformation of tooth type induced by
inhibition of BMP signaling. Science 282, 1136-1138.
Vaahtokari, A., Åberg, T., Jernvall, J., Keränen, S., and Thesleff, I. (1996) The enamel knot as a
signaling center in the developing mouse tooth. Mech. Dev. 54, 39-43.
Vainio, S., Jalkanen, M., Vaahtokari, A., Sahlberg, C., Mali, M., Bernfield, M., and Thesleff, I. (1991)
Expression of syndecan gene is induced early, is transient, and correlates with changes in
mesenchymal cell proliferation during tooth organogenesis. Dev. Biol. 147, 322-333.
Vainio, S., Karavanova, I., Jowett, A., and Thesleff, I. (1993) Identification of BMP-4 as a signal
mediating secondary induction between epithelial and mesenchymal tissues during early tooth
development.  Cell 75, 45-58.
van Bokhoven, H., Hamel, B. C., Bamshad, M., Sangiorgi, E., Gurrieri, F., Duijf, P. H., Vanmolkot, K.
R., van Beusekom, E., van Beersum, S. E., Celli, J. et al. (2001) p63 Gene mutations in eec
syndrome, limb-mammary syndrome, and isolated split hand-split foot malformation suggest a
genotype-phenotype correlation. Am. J. Hum. Genet. 69, 481-492.
van Bokhoven, H. and McKeon, F. (2002) Mutations in the p53 homolog p63: allele-specific developmental
syndromes in humans. Trends Mol. Med. 8, 133-139.
Van Bubnoff, A. and Cho, K. W. (2001) Intracellular BMP signaling regulation in vertebrates:pathway or
network? Dev Biol 239, 1-14.
van Genderen, C., Okamura, R. M., Farinas, I., Quo, R. G., Parslow, T. G., Bruhn, L., and Grosschedl,
R. (1994) Development of several organs that require inductive epithelial-mesenchymal interactions
is impaired in LEF-1- deficient mice. Genes Dev. 8, 2691-2703.
Van Mater, D., Kolligs, F. T., Dlugosz, A. A., and Fearon, E.R. (2003) Transient activation of β-catenin
signaling in cutaneous keratinocytes is sufficient to trigger the active growth phase of the hair cycle
in mice. Genes Dev. 17, 1219-1224.
50
Viallet, J. P., Prin, F., Olivera-Martinez, I., Hirsinger, E., Pourquie, O., and Dhouailly, D. (1998) Chick
Delta-1 gene expression and the formation of the feather primordia. Mech. Dev. 72, 159-168.
Vielkind, U. and Hardy, M. H. (1996) Changing patterns of cell adhesion molecules during mouse pelage
hair follicle development. 2. Follicle morphogenesis in the hair mutants, Tabby and downy. Acta
Anat. 157, 183-194.
Vincent, M. C., Biancalana, V., Ginisty, D., Mandel, J. L., and Calvas, P. (2001) Mutational spectrum of
the ED1 gene in X-linked hypohidrotic ectodermal dysplasia. Eur. J. Hum. Genet. 9, 355-363.
Wang, S., Krinks, M., Lin, K., Luyten, F. P., and Moos, M., Jr. (1997) Frzb, a secreted protein expressed
in the Spemann organizer, binds and inhibits Wnt-8. Cell 88, 757-766.
Weinmaster, G., Roberts, V. J., and Lemke, G. (1991) A homolog of Drosophila Notch expressed during
mammalian development. Development 113, 199-205.
Wessels, N. K. (1977) Tissue interaction and development. Benjamin, Menlo Park, CA.
Widelitz, R. B., Jiang, T. X., Noveen, A., Chen, C. W., and Chuong, C. M. (1996) FGF induces new
feather buds from developing avian skin. J. Invest. Dermatol. 107, 797-803.
Wilkie, A. O. (1997) Craniosynostosis: genes and mechanisms. Hum. Mol. Genet. 6, 1647-1656.
Winklbauer, R., Medina, A., Swain, R. K., and Steinbeisser, H. (2001) Frizzled-7 signalling controls tissue
separation during Xenopus gastrulation. Nature 413, 856-860.
Wodarz, A. and Nusse, R. (1998) Mechanisms of Wnt signaling in development. Annual Review of Cell &
Developmental Biology 14, 59-88.
Wolpert L. (2002) Principles of Development. Oxford University Press.
Wozney, J. M., Rosen, V., Celeste, A. J., Mitsock, L. M., Whitters, M. J., Kriz, R. W., Hewick, R. M.,
and Wang, E. A. (1988) Novel regulators of bone formation: molecular clones and activities.
Science 242, 1528-1534.
Wrana, J. L., Attisano, L., Wieser, R., Ventura, F., and Massague, J. (1994) Mechanism of activation of
the TGF-beta receptor. Nature 370, 341-347.
Wu, G., Nomoto, S., Hoque, M. O., Dracheva, T., Osada, M., Lee, C. C., Dong, S. M., Guo, Z., Benoit,
N., Cohen, Y. et al. (2003) DeltaNp63alpha and TAp63alpha regulate transcription of genes with
distinct biological functions in cancer and development. Cancer Res. 63, 2351-2357.
Yamaguchi, K., Shirakabe, K., Shibuya, H., Irie, K., Oishi, I., Ueno, N., Taniguchi, T., Nishida, E., and
Matsumoto, K. (1995) Identification of a member of the MAPKKK family as a potential mediator
of TGF-beta signal transduction. Science 270, 2008-2011.
Yamaguchi, T. P. and Rossant, J. (1995) Fibroblast growth factors in mammalian development. Curr. Opin.
Genet Dev 5, 485-491.
Yan, M. H., Wang, L. C., Hymowitz, S. G., Schilbach, S., Lee, J., Goddard, A., de Vos, A. M., Gao, W.
Q., and Dixit, V. M. (2000) Two-amino acid molecular switch in an epithelial morphogen that
regulates binding to two distinct receptors. Science 290, 523-527.
Yang, A., Kaghad, M., Caput, D., and McKeon, F. (2002) On the shoulders of giants: p63, p73 and the rise
of p53. Trends Genet. 18, 90-95.
Yang, A., Kaghad, M., Wang, Y., Gillett, E., Fleming, M. D., Dotsch, V., Andrews, N. C., Caput, D., and
McKeon, F. (1998) p63, a p53 homolog at 3q27-29, encodes multiple products with transactivating,
death-inducing, and dominant-negative activities. Mol. Cell 2, 305-316.
Yang, A., Schweitzer, R., Sun, D. Q., Kaghad, M., Walker, N., Bronson, R. T., Tabin, Sharpe, A.,
Caput, D., Crum, C. et al. (1999) p63 is essential for regenerative proliferation in limb, craniofacial
and epithelial development. Nature 398, 714-718.
Yang, A., Walker, N., Bronson, R., Kaghad, M., Oosterwegel, M., Bonnin, J., Vagner, C., Bonnet, H.,
Dikkes, P., Sharpe, A. et al. (2000) p73-deficient mice have neurological, pheromonal and
inflammatory defects but lack spontaneous tumors. Nature 404, 99-103.
Yasue, A., Tao, H., Nohno, T., Moriyama, K., Noji, S., and Ohuchi, H. (2001) Cloning and expression of
the chick p63 gene. Mech. Dev. 100, 105-108.
Ying, S. Y., Zhang, Z., Furst, B., Batres, Y., Huang, G., and Li, G. (1997) Activins and activin receptors in
cell growth. Experimental Biology & Medicine 214, 114-122.
Yonei-Tamura, S., Endo, T., Yajima, H., Ohuchi, H., Ide, H., and Tamura, K. (1999) FGF7 and FGF10
directly induce the apical ectodermal ridge in chick embryos. Dev. Biol. 211, 133-143.
Zhao, X., Zhang, Z., Song, Y., Zhang, X., Zhang, Y., Hu, Y., Fromm, S. H., and Chen, Y. (2000)
Transgenically ectopic expression of Bmp4 to the Msx1 mutant dental mesenchyme restores
downstream gene expression but represses Shh and Bmp2 in the enamel knot of wild type tooth
germ. Mech. Dev. 99, 29-38.
Zhou, P., Byrne, C., Jacobs, J., and Fuchs, E. (1995) Lymphoid enhancer factor 1 directs hair follicle
patterning and epithelial cell fate. Genes Dev. 9, 700-713.
51
Zhu, A. J. and Watt, F. M. (1999) beta-catenin signalling modulates proliferative potential of human
epidermal keratinocytes independently of intercellular adhesion. Development 126 , 2285-2298.
Zhu, X., Komiya, H., Chirino, A., Faham, S., Fox, G. M., Arakawa, T., Hsu, B. T., and Rees, D. C.
(1991) Three-dimensional structures of acidic and basic fibroblast growth factors. Science 251, 90-
93.
Zonana, J., Elder, M. E., Schneider, L. C., Orlow, S. J., Moss, C., Golabi, M., Shapira, S. K., Farndon,
P. A., Wara, D. W., Emmal, S. A. et al. (2000) A novel X-linked disorder of immune deficiency
and hypohidrotic ectodermal dysplasia is allelic to incontinentia pigmenti and due to mutations in
IKK-gamma (NEMO). Am. J. Hum. Genet. 67, 1555-1562.
Zorn, A. M. (2001) Wnt signalling: Antagonistic Dickkopfs. Curr. Biol. 11, R592-R595.
Åberg, T., Wozney, J., and Thesleff, I. (1997) Expression patterns of bone morphogenetic proteins (Bmps)
in the developing mouse tooth suggest roles in morphogenesis and cell differentiation. Dev. Dyn. 210, 383-
396.
